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This  paper p re sen t s  genera l  models f o r  populat ion dynamics t h a t  are 
similar i n  s t r u c t u r e  and concept t o  both t h e  f a m i l i a r  L e s l i e  mat r ix  
models and matr ix  models of  energy flow. The model i n i t i a l l y  is developed 
i n t o  a  density-dependent model not by t h e  use of  mathematical formulae 
but  by t h e  use of  two simple a lgor i thms which desc r ibe ,  a l b e i t  c rudely ,  
compet i t ive  e t h o l o g i c a l  i n t e r a c t i o n s  f o r  l i m i t e d  food r e sources  and t h e  
e f f e c t s  of  t hese  on t h e  subsequent growth of t h e  c o n t e s t a n t s .  Example 
s imula t ions  a r e  shown, using hypo the t i ca l  da t a ,  for : -  un res t r a ined  
populat ion growth; cons t ra ined  populat ion growth i n  a  uniform temporal 
environment; cons t ra ined  populat ion growth i n  a  s easona l ly  varying 
environment. These s imula t ions  a r e  shown f o r  two extreme types  o f  
competi t ion,  'SCRAMBLE' and 'CONTEST'. These s imula t ions  v e r i f y  (sensu 
J e f f e r s  1976) t h a t  t h e  gene ra l  behaviour of t h e  models is e c o l o g i c a l l y  
reasonable ,  i n d i c a t i n g  t h a t  t h e r e  a r e  no fundamental e r r o r s  j n  t h e i r  
assumptions or  formulat ion.  I have, un fo r tuna te ly ,  s o  f a r  been unable  t o  
a t tempt  v a l i d a t i o n  (sensu J e f f e r s )  of t h e  model due t o  t h e  l a c k  of a  
s u i t a b l e  and simple d a t a - s e t .  Accordingly a  major purpose of t h i s  paper 
i s  t o  present  t n e  models t o  f i e l d  e c o l o g i s t s  and e t h o l o g i s t s  f o r  t h e i r  
assessments  of t h e  r e a s o n a b i l i t y  of t h e  models and,  hope fu l ly ,  t o  
e s t a b l i s h  xhether  t h e r e  a r e  any pre-exis t ing  d a t a  s e t s  t h a t  would permit 
t h e i r  proper t e s t i n g .  
I n  t h e  absence of s u i t a b l e  da t a  f o r  validation t h e  paper goes on t o  
b r i e f l y  o u t l i n e  a  number of ways i n  which t h e  s imple i n i t i a l  models could 
be expanded t o  address  more complex s i t u a t i o n s  and secondly t o  i n d i c a t e  by 
what means s u i t a b l e  da t a  s e t s  could be most r e a d i l y  c o l l e c t e d .  
These models a r e  not  intended a s  p r e s c r i p t i o n s  t o  so lve ,  of themselves,  
problems i n  popula t ion  ecology but r a t h e r ,  fol lowing t h e  lead  of Lomnicki 
(1978, 19801, t o  ques t ion  the  re levance  of some c u r r e n t  mathematiczl 
formula t ions  and t o  suggest  an a l t e r n a t i v e  approach by inco rpora t ing  i n t o  
populat ion models important and fundamental a spec t s  of n a t u r a l  h i s t o r y ,  
l i f e - h i s t o r y  and ethology.  

A b a s i c  assumption of such simplistic formula t ions ,  u s u a l l y  l e f t  as 
i m p l i c i t  and not s t a t e d  e x p l i c i t l y  is t h a t  a l l  i n d i v i d u a l s  i n  t h e  
popula t ion  are a b s o l u t e l y  i d e n t i c a l  i n  terms of  age,  s e x  and phenotype 
(remember phenotype = genotype * environmental i n f l u e n c e s )  o r ,  a t  l e a s t ,  
t h a t  any d i f f e r e n c e s  between i n d i v i d u a l s  i n  r e s p e c t  o f  t h e s e  a s p e c t s  are 
trivial wi th  regard t o  populat ion dynamics. More complex populat ion 
models recognise  t h e  importance of  age and sex  d i f f e r e n c e s  and popula t ion  
g e n e t i c s  has  a wide range of models showing how g e n e t i c  f a c t o r s  a f f e c t i n g  
a s p e c t s  p e r t i n e n t  t o  populat ion ecology could main ta in  g e n e t i c  
polymorphisms. Theore t ic ians  o f t en  claim t h a t  t h e r e  is l i t t l e  evidence 
from f i e l d  ecology t h a t  such a spec t s  a r e  important i n  populat ion 
dynamics, but  such s ta tements  ignore  ( i )  t h e  growing body o f  evidence 
which t h e r e  i s  ( o f t e n  from d i s c i p l i n e s  with which t h e o r e t i c i a n s  a r e  not  
f a r m l i a r ) ;  ( i i )  t h e  mathematical t r a i n i n g  of previous  t h e o r e t i c i a n s  who 
have t r a i n e d  t h e  small  minor i ty  of t oday ' s  e c o l o g i s t s  who use d e t a i l e d  
numerical methods; (iii) the  complexity of des igning  experiments t o  show 
such e f f e c t s  from f i e l d  da ta  and, f i n a l l y ,  we might inc lude  ( i v )  t h e  
inco rpora t ion  of a l l  t h e s e  f a c t o r s  ( o r  i n d i c a t o r s  of  them such as fami ly  
h i s t o r y  fo r  g e n e t i c  i n f luences )  i n t o  the  a c t u a r i a l  t a b l e s  of l i f e  
insurance  companies. 
2.2 L e s l i e  mat r ix  models 
One of  t h e  b e s t  known forms f o r  s t r u c t u r e d  populat ion models is t h e  
ma t r ix  model due t o  L e s l i e  (1945) and used t o  p r e d i c t  age - s t ruc tu re .  The 
developments of t h i s  family of models ( ' L e s l i e  mat r ix  models ')  is 
u s e f u l l y  reviewed by Usher (1972), who i n d i c a t e s  how va r ious  workers have 
incorpora ted  sexua l  d i f f e r e n c e s ,  and complex l i f e  s t a g e s  and s o  on. 
A s  the  models put  forward i n  t h i s  paper a r e  similar both i n  concept and 
mathematical s t r u c t u r e  t o  L e s l i e  mat r ix  models I propose t o  d e s c r i b e  
L e s l i e  models here  i n  adequate d e t a i l  f o r  r eade r s  unfami l ia r  with them. 
Anyone d e s i r i n g  f u r t h e r  d e t a i l s  should consu l t  Usher (1972) and J e f f e r s  
(1978). 
The Leslie model envisages a populat ion separa ted  i n t o  age c l a s s e s  ( t h e  
c l a s s e s  r ep resen t ing  i d e n t i c a l  time periods/age d i f f e r e n c e s  in the  
s imples t  forms),  and the  numbers o f  animals i n  each  age c l a s s  a r e  
represented  by a column vector  of numbers, as shown i n  column three of 
D i a g r a m  la opposi te .  The model works i n  d i s c r e t e  u n i t s  o f  time ( t h e  class 
pe r iod) ,  so ,  given t h e  numbers i n  column 3 of diagram la, we could o b t a i n  
t h e  numbers i n  t h e  next  period o f  t i m e  by mul t ip ly ing  them by the  given 
s u r v i v a l  r a t e s  and adding t o  them t h e  product o f  themselves and t h e i r  
corresponding p e r  c a p i t a  f e c u n d i t i e s  (columns 4 and 5 of Diagram l a ) .  
It i s  mathematically and computat ional ly convenient  t o  w r i t e  such d a t a  i n  
t h e  form of two mat r i ces ,  as shown i n  Diagram Ib. The r u l e s  of matr ix  
m u l t i p l i c a t i o n  (column vector  answer element)  = sum o f  (each element of a 
row x each element o f  a column), repeated  f o r  a l l  e lements  and every 
row/column g ive  an i d e n t i c a l  answer t o  t h a t  descr ibed  above i n  r e l a t i o n  
t o  Diagram l a ;  r eade r s  unfami l ia r  with matr ix  o p e r a t i o n s  may c a r e  t o  
v e r i f y  t h i s .  
I n  matr ix  n o t a t i o n  t h i s  opera t ion  can be w r i t t e n :  I 
The square matr ix  A is r e f e r r e d  t o  as a t r a n s i t i o n  matr ix  as it 
r e p r e s e n t s  the  ' p r o b a b i l i t i e s '  t h a t  ' i n d i v i d u a l s 1  w i l l  'move' f r o m  one 
c l a s s  t o  another .  Thus, as i n d i c a t e d  i n  Diagram I c ,  t h e  terms on t h e  
sub-diagonal r ep resen t  ' s u r v i v a l ' ,  a s  each animal i n  a c l a s s  becomes 
o l d e r  i n  t h e  next  unlt of time and must hence move t o  t h e  nex t  c l a s s .  
S i m i l a r l y ,  t h e  t o p  row of the  matr ix  r e p r e s e n t s  p e r  c a p i t a  f ecund i ty  from 
each of t h e  age c l a s s e s  t o  t h e  youngest c l a s s ,  i n t o  which animals a r e  
' bo rn* .  A l l  o t h e r  elements of t h e  square  matr ix  must be zeros ,  due t o  t h e  
model's d e f i n i t i o n .  
DIAGRAM 1: Lesl ie  Matrix Model 
Diagram t o  show how t h e  survival and fecundity terms of a s inp le  
l i fe - tab le  (la) can be wr i t ten  i n  terms of matr ix  algebra, ( l b )  
t o  provide a discrete- t ine  population model and i l l u s t r a t iw!  ( I c )  
how t h e  s t ruc ture  of t he  t r a n s i t i o n  matrix can be interpreted as 
survival  and fecundity te rns .  
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The matr ix  s t r u c t u r e  t h e r e f o r e  r e p r e s e n t s  a convenient  and powerful 
summary of t h e  d a t a  shown i n  D i a g r a m  la, bu t ,  more impor tant ly ,  two 
a l g e b r a i c  p r o p e r t i e s  of t h e  square matr ix ,  its e igenva lue  and e igenvector  
( s e e ,  eg. Dorf 1969, f o r  mathematical d e f i n i t i o n s  o f  t h e s e )  can be 
c a l c u l a t e d  simply by r e a d i l y  a v a i l a b l e  computer a lgor i thms ,  and are of 
d i r e c t  re levance  t o  populat ion dynamics. For example i n  t h e  matr ix  shown 
i n  Diagram 1 (whose va lues  are taken from Williamson 1967), t h e r e  i s  a 
dominant eigenvalue of 2.0 and an assoc ia t ed  e igenvec to r  of (24, 4, 1) .  
It can be r e a d i l y  shown that t h e  dominant e igenvalue ,  A ,  corresponds t o  
t h e  r a t e  o f  population inc rease  (note  that t h e  va lues  f o r  t ime r t + l  i n  
Diagram 2a a r e  all 2.0 x those f o r  time r t )  and i s  r e l a t e d  t o  t h e  
i n t r i n s i c  rate of populat ion i n c r e a s e ,  r ,  by the  equat ion:  
The eigenvector  corresponding t o  A g ives  t h e  ( r e l a t i v e )  s t a b l e  age 
s t r u c t u r e ,  which f o r  t h i s  example, is maintained a t  r a t i o s  of 24:4:1 a t  
a l l  t ime periods.  
It should be s t r e s s e d  here t h a t  t h i s  model c l o s e l y  approximates t h e  
c a l c u l u s  form f o r  exponential  populat ion growth (equat ion  2.1) (which 
could be re-wr i t ten :  N t  = r tO ;  2.10). It i s  p o s s i b l e ,  but  complex, t o  
in t roduce  density-dependent func t ions  i n t o  t h e  elements  of IUatr5.x t o  
produce models of l imi t ed  popula t ions ,  similar t o  those  desc r ibed ,  
o v e r a l l ,  by equat ions  2.2 + 2.7. Such e l a b o r a t i o n s  a r e  mathematical ly 
complex: summaries o f  such a t tempts  a r e  given i n  J e f f e r s  (1978) and Usher 
(1972) and two u s e f u l  examples a r e  Usher (1969) and Beddington (1975). 
We should note f i n a l l y  two l i m i t a t i o n s  o f  L e s l i e  popula t ion  matrices. 
F i r s t ,  they a r e  r e a l l y  d e t e r m i n i s t i c ,  d e s p i t e  i n c o r p o r a t i n g  p r o b a b i l i t y  
va lues ;  and second, the  f e c u n d i t i e s  are averages f o r  t h e  whole c l a s s .  
This  means t h a t  i f  t he  c l a s s  conta ined ,  f o r  example, 100 animals  o f  whom 
only 10 bred ,  r e a r i n g  a t o t a l  of 50 o f f s p r i n g ,  t h e  f e c u n d i t y  term of t h e  
L e s l i e  matr ix  would be 50/100 .: 0.50. To my mind t h i s  obscures  an 
extremely important f a c t :  10% of t h i s  age c l a s s  bred very  s u c c e s s f u l l y  
before t h e  ma jo r i ty  of t h a t  age class were a b l e  t o .  I sugges t  t h a t  such 
s i t u a t i o n s  are not  r a r e  (though t h i s  example is d e l i b e r a t e l y  extreme), 
t h a t  they may have important g e n e t i c  consequences and t h a t  they may be 
fundamental t o  the  popula t ion ' s  a b i l i t y  t o  su rv ive  i n  a  va ry ing  
environment. Accordingly, I be l i eve  it is v i t a l  t o  understand what 
a s p e c t s  of  such ' e a r l y  breeders '  a l low them t o  breed unusual ly  e a r l y  and 
would l i k e  t o  s e e  s t r u c t u r e s  f o r  populat ion models that h e l p  e l u c i d a t e  
t h e s e  a spec t s .  I hope that t h e  models developed i n  t h i s  paper go some way 
toward achieving  t h i s .  This s i n g l e  c l a s s  example was used f o r  t h e  sake  of 
c l a r i t y  bu t  it should be r e a l i s e d  t h a t  it a p p l i e s  t o  a l l  age class of 
breeders  i n  p r a c t i c e .  
2.3 Ind iv idua l  d i f f e r e n c e s ,  resources  and ethology 
The d e f i c i e n c i e s  of  c l a s s i c a l  populat ion models which I e l abora t ed  above 
a r e  not  novel ,  but  have been l e v e l l e d  by f i e l d  e c o l o g i s t s  f o r  some time. 
U n t i l  r e c e n t l y  however, t h e r e  have been no sugges t ions  as t o  how t h e s e  
d e f i c i e n c i e s  might be remedied. I be l i eve  t h e  r ecen t  papers  by Lomnicki 
(1978, 1980) g ive  a  key t o  how t h i s  may be achieved and c e r t a i n l y  throw a 
r e f r e s h i n g  and s t i m u l a t i n g  l i g h t  on a  r a t h e r  s t a l e  cont roversy .  The i d e a s  
put  forward by Lomnickl ( l o c .  c i t . )  a r e  fundamental t o  my own concepts  
(which were g r e a t l y  enl ightened by h i s  papers )  and under ly  much of  t h e  
s t r u c t u r e  of t h e  models presented l a t e r .  Lomnicki's papers  a r e ,  per f o r c e  
r a t h e r  mathematical i n  n a t u r e ,  bdt  easy t o  fol low i n  p r i n c i p l e  and aimed 
a t  h i g h l i g h t i n g  inadequancies  of assumptions i n  previous popula t ion  
models. I was encouraged t o  f ind  during the  course of  a b r i e f  
correspondence t h a t  Professor  Lomnicki con t inua l ly  re-emphasised t h e  
im?ortance of n a t u r a l  h i s t o r y  and ethology t o  the  development of 
r e a l i s t i c  populat ion models: r e g r e t t a b l y ,  many t h e o r e t i c i a n s  i n  
populat ion ecology regard these  a s  no more than awkward i r r e l e v a n c i e s ,  
assuming t h a t  they a r e  a c t u a l l y  aware of them. I would s t r o n g l y  recommend 
reade r s  t o  r e f e r  t o  Lomnicki's papers ,  bu t  w i l l  b r i e f l y  o u t l i n e  below t h e  
major p o i n t s ,  p a r t i c u l a r l y  those  most p e r t i n e n t  here. 
Lomnicki emphasises t h a t  most models o f  populat ion dynamics ignore :  
i. l i f e  h i s t o r i e s  and n a t u r a l  h i s t o r y  
ii. fundamental and c r i t i c a l  a spec t s  of ethology such as competi t ion 
and t e r r i t o r i a l  behaviour 
iii. h a b i t a t  he te rogene i ty  
i v .  t h e  problem of  why, and p a r t i c u l a r l y  when, an imals  d i spe r se .  
Taking t h e  l a t t e r  poin t  as an i l l u s t r a t i o n ,  it is ev iden t  t h a t  most 
p o p ~ l a t i o n  models and many f i e l d  e c o l o g i s t s  e i t h e r  ignore immigra t ion  and 
emigrat ion (from/to t h e  's tudy a r e a ' )  o r  assume i t  t o  be cons tan t ,  which 
is much t h e  same as ignor ing  it. Lomnicki (1978) shows t h a t ,  g iven  a 
populat ion with a s o c i a l  h ierarchy,  d i f f e r e n c e s  between i n d i v i d u a l s  i n  
resource  a l l o c a t i o n  and h a b i t a t  he te rogene i ty ,  popula t ion  r e g u l a t i o n  may 
a c t u a l l y  be achieved by emigrat ion.  The proposed mechanism is that ;  i n  
r e l a t i o n  t o  a def ined  s tudy a r e a  emigrat ion is d e n s i t y  dependent and, a s  
m o r t a l i t y  due t o  emigrat ion w i l l  not be observed w i t h i n  t h e  s tudy a r e a ,  
d a t a  from such s t u d i e s  would not  show d e n s i t y  dependent m o r t a l i t y  al though 
t h e  populat ion is regu la t ed  by d e n s i t y  dependent emigra t ion .  
Lomnicki's l a t e r  paper (1980) develops a populat ion model i n  which t h e  
r e g u l a t i o n  is based on d i f f e r e n t i a l  a l l o c a t i o n  of resources  t o  
i n d i v i d u a l s  i n  a s o c i a l  h ierarchy,  with consequent i n d i v i d u a l  d i f f e r e n c e s  
i n  fecundi ty  and s u r v i v a l  prospects  and a l lowing p a r t i t i o n i n g  of 
resources  between growth and reproduction.  
2.4 U t i l i s a t i o n  of f i e l d  d a t a  
2.4.1 Inadequacy o f  'numbers' f o r  desc r ib ing  a popula t ion  
I have suggested above t h a t  the  va r ious  c l a s s i c a l  equat ions  (2.1-2.7) 
above a r e  capable  o f  producing a wide v a r i e t y  o f  cu rves  and t h a t ,  given 
l i k e l y  e s t ima t ion  e r r o r s  of f i e l d  d a t a ,  a t ime series of  N with  t may be 
equa l ly  a c c u r a t e l y  approximated by more than one of t h e s e  equat ions .  How I 
then  could one decide which, i f  any, of t h e s e  equa t ions  g i v e  t h e  ' b e s t '  
f i t ?  
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Now l e t  us examine t h e  problem from a d i f f e r e n t  a spec t .  The d a t a  f o r  such  
models come from f i e l d  s t u d i e s ,  o f t e n  o f  marked i n d i v i d u a l s ,  and r e q u i r e  
t h e  use of  t h e  fo l lowing information per i n d i v i d u a l :  
110 age s t r u c t u r e  &e s t r u c t u r e  
t h e  o f  b i r t h  t h e  of  b i r t h  
e sz ina ted  age  a t  d e a t h  e s t b t e d  age  a t  dea th  
l i f e t i n e  p r o d u c t i v i t y  p r o d u c t i v i t y  a t  ages  
bl, b2 ... bn 
This  is o f t e n  only  a  small  propor t ion  of  t n e  informat ion  t h e  i n v e s t i g a t o r  
w i l l  c o l l e c t :  i n  v e r t e b r a t e  s t u d i e s  a t  l e a s t  the  marked i n d i v i d u a l s  w i l l  
o f t en  be weighed and measured a t  each capture .  Regre t t ab ly ,  such 
information is r a r e l y  incorpora ted  i n t o  s t u d i e s  of popula t ion  
dynamics. Too o f t e n  the  l i t e r a t u r e  r e v e a l s  t h e  fol lowing approach:- 
Bloggs, B.F. & A .  Twitson, 1982. A pop- la t ion  dynamics model of t h e  
long-halred vo le  (Microtus wha t s i t ze )  a t  Over-Puddle marsh, 
Blankshl re ,  1979-1981. J. Misappl. Maths. 13, 1029-1136. 
-
Bloggs, 3.F. & S. Ation, 1983. Weight ctafiges i n  a  popula t ion  of t h e  
long-haired v o l e  (Microtus wha t s i t ae )  a t  Over-Puddle marsh, B lanksh i r e  
i n  r e l a t i o n  t o  the  ha r sh  winter  of 1930/81. J .  Wildl.  N u t r i t i o n  4, 
7-63, 
I n  such ins t ances  we might well  f i n d  t h a t  t h e  e a r l i e r  paper used a  model 
designed t o  r ep resen t  a  s t a b l e  populat ion i n  a  uniform environment,  
d e s p i t e  "Dr. Bloggs" recogni t ion  of t h e  c a t a s t r o p h i c  m o r t a l i t y  due t o  
t h e  severe  winter  and o m i t t i n g t h e  da ta  whLch he could have e x t r a c t e d  on 
'b reeding  cond i t ion  i n  r e l a t i o n  t o  s p r i n g  weight '  the  fo l lowing season. 
I n  s h o r t ,  common sense sugges ts  t h a t  r e a l i s t i c  models of t h e  complex 
d y n a ~ C S  of  n a t u r a l  populat ions w i l l  r e q u i r e  much more informat ion  than  
i s  used t o  cons t ruc t  c l a s s i c a l  models a  t h a t  i n v e s t i g a t o r s  would be 
wise t o  s t r i v e  t o  inco rpora t e  those i?s?ects of t h e i r  popu la t ions '  
i n t e r a c t i o n s  which they know t o  have important consequences t o  s u r v i v a l ,  
mating success ,  f ecund i ty ,  d i s p e r s a l  and t h e  l i k e  even i f  such knowledge 
is cu l l ed  from widely separa ted  b i o l o g i c a l  d i s c i p l i n e s .  
2.4.2 Habi ta t  he te rogene i ty  
I r e f e r r e d  above t o  Lomnicki's demonstration t h a t  emigra t ion  and habitat 
he te rogene i ty  may be fundamental t o  populat ion dynamics and have 
mentioned elsewhere (Macdonald, Bunce & Bacon 1981) t h a t  s t u d i e s  of 
populat ion dynamics a r e  usua l ly  undertaken a t  s i t e s  chosen l a r g e l y  f o r  
convenience r a t h e r  than a s  being r e p r e s e n t a t i v e  o f  t y p i c a l  a r e a s .  Indeed, 
al though a v a r i e t y  of techniques  a r e  a v a i l a b l e  f o r  h a b i t a t  d e s c r i p t i o n ,  
t h e s e  are r a r e l y  used by populat ion b i o l o g i s t s  t o  sub-divide t h e i r  s tudy 
a r e a s .  I n  s h o r t ,  h a b i t a t  he terogenei ty  is l i k e l y  t o  be fundamental t o  
important  a s p e c t s  of populat ion dynamics and, i f  t h i s  proves t o  be t h e  
case ,  populat ion models t h a t  can r e a d i l y  incorpora te  such d i f f e r e n c e s  
w i l l  be needed. 
2 . 4 . 3  Populat ion g e n e t i c s  
There i s  overwhelming evidence from populat ion g e n e t i c s  t h a t  polymorphism 
is widespread and that ( a r t i f i c i a l )  s e l e c t i o n  can r a p i d l y  a l t e r  
c h a r a c t e r s  important  i n  populat ion dynamics ( see  Gale 1980 f o r  a r eadab le  
review). The evidence that such polymorphisms do have a p p r e c i a b l e  e f f e c t s  
i n  n a t u r a l  populat ions is p resen t ly  s p a r s e  ( see  above) b u t  taken i n  
concer t  with the  wealth of bas i c  da ta  from popula t ion  g e n e t i c s  is 
s u f f i c i e n t  t o  suggest  t h a t  d e t a i l e d  mechanisms of popula t ion  dynamics may 
be a f f e c t e d  by, and themselves a f f e c t ,  gene f requencies .  
2.5 Outlook 
I have summarised above shortcomings, which I be l i eve  t o  be s e r i o u s ,  i n  
most present  formula t ions  f o r  populat ion dynamics models and i n d i c a t e d  
that I cons ider  t h e  sugges t ions  of Lomnicki (1978, 1980) t o  o f f e r  an 
i n s t r u c t i v e  way out  of the  p resen t  impasse.In the  fo l lowing  s e c t i o n s  I 
d i s c u s s  model s t r u c t u r e s  based on t e n e t s  very s i m i l a r  t o  Lomnicki's. These 
s t r u c t u r e s  may be app l i cab le  t o  a wide range of f i e l d  s t u d i e s .  I do not 
pretend t o  o f f e r  p r e s c r i p t i o n s  t o  so lve  a hos t  of problems i n  popula t ion  
ecology (al though t h e  models I develop he re  may be d i r e c t l y  a p p l i c a b l e  t o  
simple s i t u a t i o n s  and some s p e c i e s )  but  hope r a t h e r  t o  sugges t  concepts  
and model s t r u c t u r e s  t h a t  might be developed t o  permit s o l u t i o n  of  many 
d i v e r s e  popula t ion  processes.  I recognise  t h a t  t h e  formula t ions  I suggest  
w i l l  still seem over-simple t o  f i e l d  e t h o l o g i s t s  and are probably 
mathematical ly u n a t t r a c t i v e  t o  b iometr ic ians .  I hope however t h a t  i n  
cons ider ing  t h e  shortcomings of my sugges t ions  s c i e n t i s t s  from both 
d i s c i p l i n e s  may f i n d  them a u s e f u l  focus f o r  d i scuss ion  and I hope 
p a r t i c u l a r l y  t h a t  they  may provide some common ground on which researchers 
from both extremes can r e a d i l y  e n l i g h t e n  each o the r .  
2.6 Summary 
I conclude above t h a t  present  models of populat ion dynamics s e r i o u s l y  
omit t o  account f o r  b i o l o g i c a l  v a r i a t i o n ,  which may be cons idered  t o  have 
t h r e e  a spec t s :  
i. phenotypic v a r i a t i o n  among ind iv idua l  animals ,  due t o  g e n e t i c  and 
environmental i n f luences  
ii. v a r i a t i o n  i n  the  h a b i t a t s  t h a t  populat ions occupy 
iii. temporal v a r i a t i o n s  caused by d i f f e r i n g  populat ion responses  t o  
environmental f a c t o r s ,  such as weather ,  which vary from year  t o  
year  and i n t e r a c t  wi th  t h e  'dynamics'. 
WPULAIIOU MODELS: GROUTB AND ~ O U  
3.1 Concept and model s t r u c t u r e  
A poss ib le  s t r u c t u r e  f o r  populat ion models based on e c o l o g i c a l  r a t h e r  
than  mathematical p r i n c i p l e s  occurred t o  me w h i l s t  cons ide r ing  some d a t a  
on weight changes i n  Mute swans (Cygnus o l o r )  s h o r t l y  a f t e r  reading 
Lomnicki's paper (1980). The model described i n  t h e  fo l lowing s e c t i o n s  is 
more app l i cab le  t o  ' long l i v e d '  organisms, having s e v e r a l  reproduct ive  
per iods  per l i f e t i m e  than t o  d i s c r e t e  genera t ion  popula t ions  o r  ' s h o r t  
l i v e d 1  organisms having few reproduct ive  pe r iods  pe r  l i f e t i m e .  
A bas ic  t e n e t  of t h e  model i s  t h a t  'weight '  o r  ' c o n d i t i o n '  and ' s o c i a l  
dominance' a r e  p o s i t i v e l y  c o r r e l a t e d  f o r  the  populat ion being modelled. I 
be l i eve ,  a s  does Lomnicki 1980, t h a t  t h i s  assumption h o l d s  reasonably f o r  
many animal populat ions and, p a r t i c u l a r l y ,  t h a t  it is t r u e  and 
appropr i a t e  f o r  t h e  Mute swan popula t ions  I was i n i t i a l l y  concerned with. 
I t  is l i k e l y  t o  be t r u e  f o r  Mute swans because: ( i )  they engage i n  
v i o l e n t  phys ica l  combat t o  s e t t l e  d i s p u t e s ,  ( i i )  weight i n c r e a s e s  with 
age ,  Diagram 2a, ( i i i )  age and s o c i a l  dominance a r e  i n v e r s e l y  c o r r e l a t e d  
( r ank  1 : h ighes t  dominance), Diagram 2b; hence ( i v ) - ( i ) ,  ( i i )  and ( i i i )  
imply t h a t  weight w i l l  be c o r r e l a t e d  t o  s o c i a l  dominance, as shown i n  
Diagram 2c. 
I note i n  pass ing  t h a t  t h e  main t e n e t  o f  these  models i s  d i a m e t r i c a l l y  
opposed t o  t h e  assumptions of such techniques  a s  ' length-frequency'  d a t a  
a n a l y s i s  f o r  s tudying populat ion processes.  These methods (eg.  Pauly h 
David 1980) assume t h a t  s i z e  ( l e n g t h ,  weight)  is completely determined by 
growth rate, such t h a t  any animals of t h e  same s i z e  are assumed t o  have 
p r e c i s e l y  the  same ages. While such techniques may provide a u s e f u l  first 
crude assessment of populat ion growth c h a r a c t e r i s t i c s  (eg.  f o r  f i s h e r i e s  
b i o l o g i s t s ,  Pauly & David loc .  c i t . )  such approaches seem q u i t e  
u n r e a l i s t i c .  If such length-frequency models do apply  t o  some real 
s p e c i e s  i n  any d e t a i l  then the  'Condition'  models descr ibed  i n  t h i s  paper 
would most certainly not apply t o  those same species!  
Diagram 2. Relat ionships between Age, Weight and Soc ia l  Doninance i n  Mute 
Swans. Figure l a ,  taken f r o n  Reynolds 1972, shows weight 
inc reases  wi th  age f o r  both  males and females. Figure l b ,  
f r o n  Lesse l l e s  1975, shows Soc ia l  Doininance i n  r e l a t i o n  t o  Age. 
Hence we nay deduce, F igure  l c ,  t h a t  Weight and Soc ia l  Dominance 
w i l l  be r e l a t e d .  
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While t h e  models described here have been developed with such 
p a r t i c u l a r l y  s u i t a b l e  s p e c i e s  i n  mind it is l i k e l y  however t h a t  they  
would hold f o r  a much wider range o f  spec ies ,  a l b e i t  with less 
exac t i tude .  The r eade r  is encouraged t o  cons ider  t o  what e x t e n t  such 
models might adequately r e f l e c t  t h e  dynamics o f  popula t ions  of s p e c i e s  
with which he is p a r t i c u l a r l y  f a m i l i a r  i n  t h e  f i e l d .  I n  doing so he 
should remember t h a t ,  while  the  examples I use ne re  refer mainly t o  b i r d s  
and mamaals, t h e r e  a r e  however long l i v e d ,  slow growing i n v e r t e b r a t e  
s p e c i e s  t o  which t h e  models might equa l ly  wel l  apply. He should a l s o  
s e r i o u s l y  cons ider  t h e  time s c a l e s  involved: while  t h e  food r e s e r v e s  
accumulated by a l a r g e  animal may l a s t  it f o r  some time, f o r  example one 
t o  two months f o r  Mute swans (Andersen-Harild 1980) t h e  maximum food 
r e s e r v e s  t h a t  may be accumulated by a small  passe r ine ,  such as-  a 
Bul l f inch ,  w i l l  only keep the  passe r ine  a l i v e  f o r  about  one and h a l f  days 
(Newton 1972). 
3.2 Model formulat ion 
We concluded above t h a t  we were i n t e r e s t e d  i n  t h e  p a r t i t i o n i n g  of food,  
o r  energy,  resources  between i n d i v i d u a l s  and t h a t  w i t h i n  i n d i v i d u a l s  we 
a r e  a l s o  i n t e r e s t e d  i n  t h e  p a r t i t i o n  between ( i )  growth and maintenance 
and ( i i )  reproduction.  
We s h a l l  assume t h a t  i n d i v i d u a l s  t h a t  have g r e a t e r  s i z e s  o r  s o c i a l  
dominances w i l l  have d i f f e r e n t  breeding p o t e n t i a l  and, f o r  s i m p l i c i t y ,  we 
w i l l  f u r t h e r  assume t h a t  body weight is a good index of s o c i a l  dominance 
and breeding p o t e n t i a l .  
Consider t h e r e f o r e  the  poss ib le  changes t h a t  could occur over  a s p e c i f i e d  
period o f  t ime t o  ANY i n d i v i d u a l  of known weight a t  t h e  s t a r t  of t h e  
period.  During t h e  period it w i l l  be searching f o r  food,  e a t i n g  food, 
conver t ing  t h e  food i n t o  energy, body mass o r  r ep roduc t ive  mass, and it 
w i l l  be exposed t o  va r ious  r i s k s  of death. We might s u m r i s e  t h e  
even tua l  p o s s i b l e  outcomes, f o r  i t s e l f ,  as: 
I: i. Death 
ii. Nett  l o s s  of weight 
iii. Weight maintained 
i v .  Net ga in  o f  weight 
While 11: it might have reproduced, w i t h  vary ing  degrees  o f  success.  
Some reproduct ive  success  could ,  i n  theory,  be expected f o r  
a l l  outcomes I: 1 . - iv .  above. On average,  we would expect  
however, t h a t  the  ' h e a v i e r '  animals would reproduce more 
e f f e c t i v e l y .  
We could envisage c h a r a c t e r i s t i c  p r o b a b i l i t i e s  of  each outcome I: i - i v  
each weight and a l s o  c h a r a c t e r i s t i c  f e c u n d i t i e s .  The most 
convenient way i n  which t o  summarise such changes would seem t o  be i n  t h e  
form o f  a  compartment model t h a t  is very s i m i l a r  i n  s t r u c t u r e  and concept  
t o  a  L e s l i e  Matrix model. The important  d i f f e rence  however is t h a t  t h e  
drmension(s)  of  t h e  mat r lx  r ep resen t  Weight ( o r  cond i t ion  o r  s o c i a l  
dominance) c l a s s e s ,  not  age c l a s s e s .  I n  p r a c t i c e  such assignment would be  
easy  f o r  some s p e c i e s  but  p r o b l e m a t ~ c a l  f o r  o the r s .  For example t h e  d a i l y  
welght f l u c t u a t i o n s  of i n d i v i d u a l  Bu l l f inches  may exceed t h e  v a r i a t i o n s  
o f  t h e  populat ion mean over a  whole year  (Newton 1972), and i n  such 
instances ob ta in ing  weights a t  s t anda rd i sed  t imes would be d i f f i c u l t ,  
occas iona l ly  even imprac t i ca l  perhaps. 
The process  of s e t t i n g  up such a matr ix is shown i n  Table 1 ,  bu t  f i r s t  i t  
i s  necessary  t o  formal ise  t h e  model a l i t t l e  more: 
Assume a populat ion of  animals can be separa ted  i n t o  C c l a s s e s  on t h e  
I b a s i s  o f  condi t ion/weight / soc ia l  dominance. For each c l a s s ,  Ci, t h e r e  a r e  
c h a r a c t e r i s t i c  p r o b a b i l i t i e s  t h a t  an i n d i v i d u a l  i n  t h e  c l a s s  a t  t h e  s t a r t  
I of a  period of  t ime w i l l  s u f f e r  one of  t h e  fol lowing f a t e s  by t h e  end o f  t h e  period.  
i. it w i l l  l o s e  weight,  and become a member of t h e  nex t  lower c l a s s .  
For t h e  case  o f  i n d i v i d u a l s  a l r eady  i n  t h e  lowest class, these  are 
assumed t o  drop below a c r i t i c a l  threshold  and s t a r v e  t o  dea th  
dur ing  t h e  period 
ii. it mainta ins  its weight,  and remains i n  t h e  same class a t  t h e  end 
o f  t h e  period 
iii. it ga ins  weight,  and e n t e r s  t h e  nex t  h ighes t  c l a s s  a t  t h e  end of 
t h e  period 
i v .  it d i e s  from dens i ty  independent causes.  
These p o s s i b i l i t i e s  a r e  i l l u s t r a t e d  i n  Table l a .  The model, as he re  
def ined  assumes a time period s u f f i c i e n t l y  s h o r t  t h a t  only  one change i n  
c l a s s  can be achieved per i n t e r v a l .  More complex cond i t ions  could ,  
however, c l e a r l y  be coped with.  
S i m i l a r l y ,  f o r  each weight c l a s s  Ci t he re  is a c h a r a c t e r i s t i c  s e t  o f  
f e c u n d i t i e s  such t n a t ,  during the  time per iod ,  t h e  p e r  c a p i t a  production 
o f  o f f s p r i n g  i n t o  t h e  va r ious  weight c l a s s e s  w i l l  be F . .  where: 
IJ' 
i = 1 t o  C and denotes p a r e n t a l  c l a s s  
j E 1 t o  C and denotes o f f s p r i n g  c l a s s  
a s  i l l u s t r a t e d  i n  Table lb .  
These s u r v i v a l  and fecundi ty  va lues  may be w r i t t e n  i n  ma t r ix  form, as 
i l l u s t r a t e d  i n  Table lc .  
We note  t h e  following important d i f f e r e n c e s  from t h e  f a m i l i a r  L e s l i e  
Matrix formulation: 
Dynamics. The model permits  much more complex dynamics, a l lowing 
cons ide rab le  f l u x  around t h e  va r ious  condi t ion  c l a s s e s .  The u s u a l  form 
of a L e s l i e  matr ix ,  a l though based on some p r o b a b i l i t y  va lues ,  
enforces  a completely d e t e r m i n i s t i c  progression from one c l a s s  t o  
another  (an exception is Usher's model f o r  tne  growth, which h a s  
p r o b a b i l i t i e s  f o r  ( a )  growing, ( b )  s t ay ing  the  same s i z e ) .  The 
TABLE 1 
3 e  t a b l e  s t a r t s  ( l a )  by shoving hov ind iv idua l s  i n  c l a s s e s  i s  might be  considered 
to :  Starve,  S; Lwse  Weight, L; I le inta in  V e i ~ h t ,  11; Gain Weight, G; Die, D. Par t  
( l b l  e h w s  hov fecundi ty  values  could  be nscribed t o  each c l a s s .  Part ( l e )  
i l l u s t r a t e s  t h e  s t r u c t u r e  of s matr lx  corresponding t o  t h e  changes S. L, U. C, D, 
I and If l i s t e d  i n  p a r t s  ( l o  and l b ) ,  v h i l e  prt ( I d )  i l l u s t r a t e s  t h e  s t r u c t u r e  
of t h e  n a t r l n  hy subst i tu t lnp,  n lmerical  m l u e s  for t h e  va r i ab les .  These va lues  
( I d )  w e  unrd l a t e r  i n  t h e  paper as lXNIP1.I' DATA SIX 2. EXAMPLE DATA SET 1 has 
no fecundity t e r n  on rov 2 ( l e .  f f  v = q, = 0.00) and t h e  f ecund i ty  t e r m  of 
c l a s s  ( v )  i n t o  cla?s ( i )  i s  5.5 not L . 5  ( i e .  fv = P - 5.5). See also Table  h .  
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condi t ion  model ( a s  c u r r e n t l y  descr ibed)  al though d e t e r m i n i s t i c  i n  t h e  
form of  i ts ou tpu t  nonetheless  encapsula tes  s e v e r a l  d i f f e r e n t  ' r o u t e s *  
t o  and from each c l a s s ;  t h e  c h a r a c t e r i s t i c  t ime pe r iods  f o r  t h e s e  
r o u t e s  w i l l ,  e c o l o g i c a l l y ,  be r e f l e c t e d  i n  t h e  age d i s t r i b u t i o n s  
wi th in  t h e  condi t ion  c l a s s e s .  These c h a r a c t e r i s t i c  time per iods  w i l l ,  
a t  equi l ibr ium,  be s i m i l a r  t o  t h e  'passage t ime'  and 'mean l e n g t h s  o f  
s t a y  wi th in  a c l a s s '  f o r  Markov models. 
S ta rva t ion .  We no te  t h a t  ' s t a r v a t i o n '  can only apply t o  i n d i v i d u a l s  i n  
t h e  lowest condi t ion  c l a s s ,  and t h a t  t h i s  should be thought  o f  a s  an 
a d d i t i o n a l  r i s k  o f  dying f o r  t h a t  c l a s s  only. While t h e  model does 
permit t h e  p o s s i b i l i t y  t h a t  an animal i n i t i a l l y  i n  cond i t ion  c l a s s  i 
w i l l  even tua l ly  s t a r v e ,  it can only do s o  a f t e r  a minimum of  t = i 
time per iods .  The e f f e c t s  of c l a s s  dependent m o r t a l i t i e s  from o t h e r  
f a c t o r s ,  such a s  predat ion  can be incorporated i n t o  t h e  d i r e c t  c l a s s  
m o r t a l i t y  parameters and these  do a, of course,  ope ra te  with a time 
delay a s  does s t a r v a t i o n  (Figure 1 ) .  
3.3  Unconstrained populat ion growth 
The use  o f  t h e  model f o r  t h i s  s imples t  case  1s i l l u s t r a t e d  i n  Figure  1 by 
t h e  ou tpu t  o f  a s imula t ion  program LOMNOC.B& us ing  h y p o t h e t i c a l  d a t a  f o r  
t h e  t r a n s i t i o n  matr ix  and s t a r t i n g ,  a r b i t r a r i l y ,  with 50 i n d i v i d u a l s  i n  
t h e  h ighes t  condi t ion  c l a s s .  After  an i n i t i a l  period o f  i n s t a b i l i t y  
(about  10 time pe r iods )  t h e  numbers of animals i n  each cond i t ion  class 
r i s e ,  exponen t i a l ly ,  a t  r a t e s  determined by the  NET g a i n s  and l o s s e s  as 
summarised i n  t h e  t r a n s i t i o n  matr ix .  P l o t t e d  l o g a r i t h m i c a l l y ,  t h e  s l o p e s  
of these  l i n e s  would show t h e  i n t r i n s i c  r a t e s  of i n c r e a s e  f o r  t h e  
c l a s s e s .  Dominant eigenvalue and e igenvector  would (presumably) a l s o  g i v e  
t h e  i n t r i n s i c  r a t e  of inc rease  and the  r a t i o s  of numbers pe r  class a t  t h e  
s t a b l e  composition, as they do f o r  L e s l i e  matr ices .  
Figure 1. Unconstrained population growth. 
The f i m e  show output f ron  t h e  simulation program LObDTOC.BAS, 
p lo t t i ng  numbers of individuals against  t i ne .  The curves 
nunbered 1-5 correspond t o  numbers i n  each of t h e  f i v e  weight 
classes.  
Tne two arrows a t  t he  or ig in  indicate  t h e  number of c l a s s  5 
individuals used t o  ' s t a r t '  t h e  s inulat ion a t  time zero. Ilote 
t h e  i n i t i a l  i n s t a b i l i t y ,  followed by gradual increases i n  all 
weight classes.  
3.4 Constrained populat ion growth 
3.4.1 Constrained populat ion growth: gene ra l  
The model, as described above and i l l u s t r a t e d  i n  Fig. 1, is extremely 
l i m i t e d  ( a s  are simple L e s l i e  Matrix models) i n  t h a t  t h e r e  is no s t a b l e  
equil ibr ium: t h e  populat ion e i t h e r  inc reases  o r  decreases  exponen t i a l ly ,  
except  f o r  a (unique) uns tab le  equil ibr ium. 
I n  c l a s s i c a l  populat ion dynamics, s t a b i l i t y  is u s u a l l y  enforced by a 
c o n s t r a i n t  on t h e  populat ion s i z e  t h a t  limits net growth wi th  r e s p e c t  t o  
some hypo the t i ca l  dens i ty  ( ca r ry ing  capac i ty ,  K), eg. equat ions  
2.2 + 2.7. This  is l i t t l e  more than a mathematical fudge f a c t o r  t o  ensure  
that N t + i  + K. The p r e c i s e  form i n  which Nt+i approaches K w i l l  depend 
on the  funct ion  used (here  - 1  assumes the  r a t e  is l i n e a r l y  
T . .  propor t iona l  t o  the  d i f f e rence  i n  densities Nt  and K). other formulations 
can be used, bu t  t h e r e  is l i t t l e  d e t a i l e d  t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  
them, nor is t h e r e ,  f o r  most s p e c i e s ,  an e a s i l y  d e f i n a b l e  concept f o r  K ,  
f a r  l e s s  an  adequate d e f i n i t i o n  by which it might be measured i n  t h e  
f i e l d .  
S imi la r  r e s t r a i n t s  may be incorpora ted  i n  matr ix models of popula t ion  
growth: r eade r s  i n t e r e s t e d  i n  the  d e t a i l s  of t h e s e  procedures should 
consu l t ,  eg. Usher (1966, 1976) and Beddington (1975). I n  t h e  p resen t  
model of populat ion condi t ion  and growth a formulat ion t h a t  is r a t h e r  
r e a l i s t i c  f o r  many popula t ions  may be suggested. 
Assume t h a t  t h e r e  i s  a maximum amount o f  food a v a i l a b l e  i n  t h e  
environment of t h e  Populat ion,  KF, capabie of suppor t ing  a biomass, K,  o f  
animals.  There w i l l ,  due t o  random e f f e c t s ,  be some f l u x  of i n d i v i d u a l s  
from one condi t ion  c l a s s  t o  another ,  a s  suggested by our previous  ma t r ix  
formulat ion.  However, i f ,  a t  any time t ,  t h e  t o t a l  biomass of t h e  
popula t ion ,  Kp,  exceeds t h a t  which can be supported by the  environment, 
K ,  then some i n d i v i d u a l s  w i l l  be unable t o  maintain t h e i r  cond i t ion ,  due 
t o  l ack  of food. Assuming t h a t  the  t ime period,  t ,  is s u f f i c i e n t l y  s h o r t  
f o r  only s l i g h t  l o s s  of condi t ion  we could envisage t h e s e  animals  pass ing  
from t h e r e  c u r r e n t  c l a s s  Ci to class C .  
1-1' t h i s  l o s s  o f  weight being 
d i r e c t l y  due t o  competition f o r  the  l i m i t i n g  food resource ;  t h e  
r e s t r i c t i o n  t h a t  those  i n d i v i d u a l s  who l o s e  cond i t ion  and start from 
-
c l a s s  C, w i l l  s t a r v e  t o  death s i m i l a r l y  app l i e s .  We could  envisage t h i s  
competi t ion t ak ing  e i t h e r  of two extreme forms, commonly termed 
'scramble1 and ' c o n t e s t '  competi t ion i n  the  l i t e r a t u r e ,  and def ined  below 
i n  t h e  context  of these  models: 
'Scramble' competi t ion assumes t h a t  i n d i v i d u a l s  g e t ,  or fa i l  t o  g e t ,  
'enough' of t h e  l i m i t e d  resource  e n t i r e l y  a t  random, ie. independent of 
any phenotypic c h a r a c t e r i s t i c s  o f  those  ind iv idua l s .  I n  t h e  con tex t  of 
our  ' condi t ion '  model scramble competi t ion impl ies  t h a t  m o r t a l i t y  induced 
by lack  o f  the  l i m i t i n g  resource  would be independent of t h e  cond i t ion  
'i, of  the  ind iv idua l .  While such a s i t u a t i o n  is rather.  a g a i n s t  
t h e  t e n e t s  on which the  model is founded, it is perhaps p o s s i b l e  t o  
envisage environmental r e s t r a i n t s  t h a t  might impose such an e f f e c t  
(unpred ic t ab le  and he ter0geneo.s  d i s t r i b u t i o n  of f w d  wi th in  the  
environment).  More impor tant ly ,  it forms an i n t e r e s t i n g  s p e c i a l  c a s e ,  a s  
i t  amounts t o  a  formulat ion of t h e  cond i t ion  hypothes is  i n  t h e  absence of 
s o c i a l  dominance h i e r a r c h i e s  which can then be used a s  a n u l l  hypothes is  
t o  i n v e s t i g a t e  the  e f f e c t s  of such h i e r a r c h i e s .  For t h i s  s p e c i a l  case  we 
could desc r ibe  t h e  d i f ference  between r e s t r a i n e d  and non-restrained 
populat ions by the  formula: 
l a e r e  Ci = cond i t ion  c l a s s ,  i = 1, n I 
K = ca r ry ing  cepaci ty  biomass I 
! f 
P = pro jec ted  b ionass  i n  absence of c o n p e t i t i o n  i 
I 
and with t h e  mathematical assumption t h a t  Cn+,  = 0, o r  t h e  obvious 
r e s t r i c t i o n  t h a t  t h e  second term does not  apply when i = n. 
FIGURE 2a: Flow chart  of computer algorithm f o r  SCRAMBLE competition. 
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' i y r e  2b: 
This  formula en fo rces  t h e  dichotomous assumption t h a t  each i n d i v i d u a l  can 
( a t  random f o r  scramble compet i t ion)  e i t h e r  ( i )  maintain t h e  cond i t ion  it 
would have achieved i n  an  unres t ra ined  populat ion o r  ( i i )  su rv ive  f o r  t h e  
c u r r e n t  time period by us ing  some o f  i t s  own body's food resources  t o  
~upplem@nt its d i e t ,  thereby l o s i n g  weight/condit ion dur ing  the  period.  
Note t h a t  t h i s  puts  a r e s t r i c t i o n  on t h e  time period s e l e c t e d  i n  r e l a t i o n  
t o  t h e  c l a s s  i n t e r v a l .  A worked example of such changes i s  shown i n  
Table 2a. 
I n  summary I should emphasise t h a t  t h e  e f f e c t s  of 'Scramble1 competi t ion 
a s  he re  def ined  a r e  no t  random with r ega rds  t o  m o r t a l i t y .  The e f f e c t s  of 
'Scramble' competi t ion g ive  random a l l o c a t i o n  of resources  t o  
i n d i v i d u a l s ,  wi th  consequent random p r o b a b i l i t y  of weight l o s s  t o  those  
i n d i v i d u a l s  bu t ,  because the  model assumes only lowest cond i t ion  animals  
w i l l  d i e  a s  a r e s u l t  of weight l o s s ,  the  mor ta l i ty  e f f e c t  of Scramble 
competition is - not  random among the  c l a s s e s .  
'Contes t '  competition. The same dichotomous opt ions  apply ,  namely ( i )  
su rv ive  and maintain weight o r  (ii) survive  by us ing  body re sources  and 
thereby l o s e  weight,  but  the  p r o b a b i l i t i e s  of the  two even t s  are now 
considered t o  vary depending on the  condit ion/weight  of each i n d i v i d u a l .  
'Contes t '  competition impl ies  t h a t  t h e  p a r t i t i o n i n g  o f  r e sources  depends 
on the  outcome of c o n t e s t s  between i n d i v i d u a l s  (sometimes phys ica l  
combat, but  of ten  s p e c i a l  d i s p l a y s  o r  an e s t a b l i s h e d  dominance 
hierarchy/peck o rde r ,  a f t e r  which t h e  'winner' g e t s  a s  much as it wants 
and t h e  l o s e r  g e t s  t h e  remainder,  o r  nothing).  I n  s p e c i e s  f o r  which t h e r e  
i s  e i t h e r  a we l l  defined dominance h ierarchy o r  i n  which display/combat 
success  is c l o s e l y  r e l a t e d  t o  phys ica l  condi t ion  we w i l l  no t  go f a r  wrong 
if we assume i n d i v i d u a l s  high i n  t h e  h ierarchy always win i n  c o n t e s t s  
wi th  those  much lower i n  t h e  h ie ra rchy .  Accordingly given an  amount K o f  
l i m i t e d  resource ,  i t  w i l l  be p a r t i t i o n e d  according t o  t h e  ru le :  ' those  
h ighes t  i n  t h e  h ierarchy g e t  a l l  they want, u n t i l  t h e r e  is none l e f t ;  
below t h i s  c r i t i c a l  l e v e l ,  t he  remaining i n d i v i d u a l s  g e t  nothing,  s o  ALL 
those  below t h a t  l e v e l  must use body resources  t o  su rv ive  and w i l l  hence 
l o s e  weight ' .  
TABLE 2: Assume an initial population of 200 individuals divided 
among 5 weight classes as shown in the central column. 
For arith~etic simplicity assume that any individual 
from any class requires 1.0 units of food to survive 
and maintain weight. Given a total of 100 units of 
available food, the changes due to SCRAMBLE and CONTEST 
competition will occur as shown in columns (a) and (b) 
respectively. 
(a) (b) 
Composition 
After before After 
SCRAMBLE competition COITTEST 
competition Nunbers/class competition 
Class Number 
5 
4 
3 
2 
1 
Total 
Starved 10 20 
Lost Weight 
and survived 90 - 
Nean Class 2.68 3.05 2.83 
With SCRAMBLE competition only 10 individuals starve, but 90 loose 
weight so that the mean class level drops nore, to 2.68. 
With CONTEST competition 20 individuals starve, but only 80 loose 
weight and the resulting Dean class level drops less, to 2.83. 
We may express  t h i s  i n  Flow diagram form, as shown i n  Figure 2b. 
The p o s s i b i l i t y  t h a t  some i n d i v i d u a l s  low i n  t h e  h ie ra rchy  a r e  more 
e f f i c i e n t  f e e d e r s  than some i n d i v i d u a l s  higher  i n  t h e  h ie ra rchy  is 
accounted f o r  i n  t h e  model by the  p r o b a b i l i t i e s  o f  weight ga in ing  and 
weight l o s s ,  s e e  Table l c .  
3.4.2 A model of a populat ion l imi t ed  by competi t ion f o r  r e sources  
Having defined our concepts of SCRAMBLE and CONTEST compet i t ion  f o r  a 
l i m i t e d  food resource  of amount K ,  we can now envisage an  i t e r a t i v e  
s imula t ion  model o f  t h e  form shown i n  Figure 3. 
E f f e c t i v e l y  the  t r a n s i t i o n  matr ix P (of  f ecund i ty ,  growth, maintenance o r  
- 
l o s s  terms) determines what happens unless  the  p ro jec ted  biomass exceeds 
t h a t  which t h e  food supply can support .  If i t  does exceed t h i s  t h r e s h o l d ,  
K ,  then t h e  vec tor  of pro jec ted  numbers i n  each c l a s s  N.PROJ must be 
reduced according t o  t h e  r u l e s  of the  s e l e c t e d  mode o f  competi t ion 
(EITHER c o n t e s t  OR scramble).  
For the  s imple flow diagram of Figure 3 t o  be s t r i c t l y  a p p l i c a b l e ,  we are 
making t h e  fol lowing assumptions: 
i. of f sp r ing  reared  i n t o  p a r t i c u l a r  c l a s s e s  do no t  compete f o r  
' p a r e n t a l '  food u n t i l  they reach t h a t  c l a s s .  This  is e q u i v a l e n t  t o  
saying  e i t h e r  t h a t  they use a q u a l i t a t i v e l y  d i f f e r e n t  food re source  
OR t h a t  food is e f f e c t i v e l y  super-abundant du r ing  t h e  r e a r i n g  
period OR t h a t  t h e i r  pa ren t s  supply it f o r  them, e t c .  
ii. t h e  time of food shor tage  must be s h o r t ,  so  t h a t  t h e  amount o f  
weight l o s t  between one c l a s s  and t h e  next  would be s u f f i c i e n t  t o  
provide t h e  animals '  maintenance energy f o r  t h e  whole of t h a t  t ime 
i n t e r v a l  
F i m r e  3: Flow char t  showing the  main portions and sub-routines of t h e  
'competition' nodel of population dynanics LOMU03.BAS. 
Iiote t he  posit ion of t h e  * i n  t'ne flow char t ,  which indicates  where 
K (K.biomass) i s  varied each t h e  united i n  t h e  subse~uen t  program 
LOE.lSRZ.BAS, described below. 
Set i n i t i a l  vector of nmbers/c lass  
I 
Set ~ a t r i x  of Transit ion v d u e s  P 
- 
- I Set naxinum biomass, K.Biomass I 
J I 
I 
Choose type of competition 
I 
I 
I For each t i n e  i ~ v e r v s l ,  T I I 
*K.Biomass = b:.biomass - ( R I D  (x) 1 
P 1 " W  4 
The f i n r e  i l l u s t r a t e s  p a t t e r m  o f  food 
demand and supply  t h a t  would meet t t e  
assumpt ions  o f  t h e  node l  program LE.XO3 .BAS. 
Yote t b z t  tke e x a c t  f o r n  o f  t h e  Asrailable 
Food l i n e  i s  n o t  i n > c r i a n t ,  c n l y  t h e t  i t  
shou ld  exceed Demand f o r  t h e  shoxrrn. 
Th i s  p o i n t  i s  cons ide red  ir more d e t a i l  
subsequent ly ;  s e e ,  eg .  Fi&ure ?i. 1 KEY 
iii. energy requirements a r e  p ropor t iona l  t o  body mass f o r  a l l  
i n d i v i d u a l s  ( t h i s  assumption could be re laxed,  s e e  below). 
These assumptions would be met by i d e a l i s e d  circumstances as shown i n  
Figure 4, which e f f e c t i v e l y  permits  us t o  apply t h e  r e s t r a i n t  of a s h o r t  
i n t e r v a l  t t o  a  longer i n t e r v a l  T ,  a s  t h e r e  a r e  no r e s t r a i n t s  whatever 
ope ra t ing  ou t s ide  t . 
The r e s u l t s  of such s imula t ions  a r e  shown i n  Figures 5a and 5b, f o r  
Scramble and Contest competition r e spec t ive ly .  The va lues  i n  the  
t r a n s i t i o n  matr ix ,  g, a r e  i d e n t i c a l  t o  those used i n  t h e  example of 
Figure 1. It can be c l e a r l y  seen from the  f i g u r e s  t h a t ,  a f t e r  i n i t i a l  
per iods  o f  i n s t a b i l i t y  the  population numbers r i s e  ( i d e n t i c a l l y  t o  Fig.  1 
f o r  the  f i r s t  47 time s t e p s ) ,  u n t i l  the  ' t h r e s h o l d '  is reached. 
Thereaf ter  the  population composition f l u c t u a t e s  b r i e f l y ,  and even tua l ly  
reaches  a s t a b l e  composition. Ue no te  p a r t i c u l a r l y :  first t h a t  these  
s t a b l e  compositions a r e  d i f f e r e n t  f o r  Scramble and Contes t  competi t ion;  
secondly t h a t  the  time taken t o  reach t h e  s t a b l e  l e v e l  a f t e r  t h e  
th resho ld  has been reached i s  s h o r t e r  f o r  Scramble, compared t o  Contest  
competition. Third, the  populat ions reach t h e  same s t a b l e  weight 
d i s t r i b u t i o n s  i f  i n i t i a l  numbers a r e  below o r  above t h e  limit imposed by 
K .  
I n  summary t h e  e f f e c t s  of Scramble competi t ion produce an  equi l ibr ium 
populat ion comprised of more l e s s - f i t  i n d i v i d u a l s  whereas, conversely,  
Contest  competition produces an equi l ibr ium population o f  f e v e r  more-fit  
i nd iv idua l s .  
I 3.4.3 Age s t r u c t u r e s  
I emphasise he re  t h a t  the  s t a b l e  l e v e l s  i l l u s t r a t e d  i n  F igure  5 r e f e r  t o  
numbers of i n d i v i d u a l s  i n  each ' cond i t ion '  c l a s s  and not t o  t h e  age 
s t r u c t u r e .  However, a s  ind ica ted  i n  the  in t roduc t ion ,  t h e  model provides 
a d i v e r s e  s e r i e s  of pathways f o r  g e t t i n g  from one weight  c l a s s  t o  
another .  For example ' lucky' i n d i v i d u a l s  might, with low p r o b a b i l i t y ,  go 
Figure 5. The f igure  shows changes i n  numbers of individuals per weight c l a s s  
(classes  numbered 1-5) against time periods of t h e  simulation nodel. 
The populations a re  l imited by t h e  same anount of 'available food 
equivalent' ,  and both s t a r t  fm an i n i t i a l  composition of 50 Class 
individuals a t  time teO, (see * a t  figure or ig ins) .  
I n  Fig. 5A the  population i s  constrained by SCRAMBLE competition. 
In  Fig. 5B t h e  population i s  constrained by CONTEST competition. 
Note t h a t  both types of conpetition lead t o  s t ab le  leve ls  of a l l  
classes  (c lass  numbers given above r igh t  hand end of t h e  so l id  
l i n e s  representing t h e  classes  i n  each f igure) .  
The l eve l s  reached by the  classes  under the  OTHER type of c a p e t i t i c  
a re  shown by the  numbered dotted l ines  i n  each f igure  t o  eaphasise 
t h a t  t he  classes reach different  s table  l eve l s  f o r  the  two types of 
competition. 
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from c l a s s  1 t o  c l a s s  5 i n  j u s t  fou r  time per iods ;  o t h e r  i n d i v i d u a l s  might 
t a k e  longer ,  spending some per iods  only maintaining weight ,  o r  lo s ing  and 
then regain ing  weight; ye t  o t h e r s  might g a i n  weight i n i t i a l l y  then l o s e  
i t  a l l  and s t a r v e ;  and so  on. A t  equi l ibr ium,  f o r  e i t h e r  type of 
competi t ion,  we can hence envisage a  v a r i e t y  (=  t o  the  number of 
c l a s s e s ,  C) of d i s t r i b u t i o n s  o f  ages wi th in  weight c l a s s e s ,  which could be 
i l l u s t r a t e d  as a  set of C histograms ( %  frequency per  age c l a s s )  f o r  each 
weight c l a s s  C. Conversely we would envisage a s e t  o f  his tograms g iv ing  
t h e  % of i n d i v i d u a l s  of a  s p e c i f i c  age ( a  = 1, ... A )  i n  t h e  d i f f e r e n t  
weight c l a s s e s .  
A t  t h i s  s t age  I w i l l  j u s t  comment t h a t  a  s t a b l e  age s t r u c t u r e  w i l l  ( o r  a t  
l e a s t  i s  very l i k e l y  t o )  e x i s t .  Methods f o r  f inding  such s t a b l e  l e v e l s  
have been developed f o r  Markov models, and fo r  v a r i a t i o n s  o f  Leslie 
Matrix models (eg. Usher, Beddington). It is p o s s i b l e  t h a t  s i m i l a r  
a l g e b r a i c  approximation techniques could be developed f o r  t h e  present  
models. If t h i s  proved too  complex, the  age d i s t r i b u t i o n ( s )  could 
neve r the le s s  presumably be discovered by extens ive  use  o f  random numbers 
wi th in  c o n s t r a i n t s  given by the  outputs  o f  t h e  p resen t  model. 
3.5 Seasonal v a r i a t i o n  
The model descr ibed  i n  t h e  previous s e c t i o n  has  assumed t h a t  t h e  
environment o f  the  population is homogeneous i n  both space and time. 
S p a t i a l  he terogenei ty  is f a i r l y  complex, and is considered b r i e f l y  below, 
bu t  temporal v a r i a t i o n s  can, at l e a s t  f o r  v a r i a t i o n s  i n  t h e  important  
parameter K ,  be q u i t e  r e a d i l y  introduced.  
I n  the  fol lowing example we w i l l  conf ine  temporal v a r i a t i o n  t o  t h e  a c t u a l  
amount of food, K ,  a v a i l a b l e  i n  given time per iods ,  T. While it would be 
q u i t e  poss ib le  t o  cons ider  K t  a s  a  funct ion  of environmental  v a r i a b l e s  
(eg.  K t  = f ( e l t ,  eZt .. . eEt))  we w i l l  f o r  purposes of i l l u s t r a t i o n ,  here  
assume t h a t  t h e  a v a i l a b l e  food i n  a  given time pe r iod ,  K t ,  v a r i e s  a t  
random wi th in  t h e  i n t e r v a l  Kmax t o  Kmin. 
Figures 6A and 6B. The figures show the  effects of environmental variation on 
the equilibrium levels of the Weight Classes. 
Environmental variation i s  expressed as percent variation of 
fi-biomass below i t s  naximal level: a meximum value for t h i s  
variation i s  se t  as V% (plotted on the abscissa) and varied 
randonly for  each time unit of the  simulation according t o  a 
uniforn random distribution. ?he numbers of individuals per 
class, averaged over 50 time periods at equilibrium, are 
plotted logaritkrmically as  the ordinate. Figure 6A i s  fo r  
SCR!QIBLE competition and figure 6B for COITEST conpetition. 
The nean class level,  the standard deviation and the standard 
error are shown fo r  each clsss, together with t he i r  suns, 
representing the effects of the t o t a l  population. 
Note that class levels drop most for SCWIBLE competition 
and have more similar variabil i ty.  
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This opt ion has been introduced i n t o  a  second s imula t ion  program 
LOMSRZ.BAS, i d e n t i c a l  t o  the  f i r s t  except  t h a t  it a l lows t h e  va lue  of 
Kmin t o  be s e t  on i n p u t ,  and t h a t  it v a r i e s  K (K.biomass) du r ing  t h e  t ime 
loop,  by t h e  use of a  random number genera tor  ( see  * i n  Fig.  3 ) .  A 
r o u t i n e  t o  average t h e  l e v e l s  o f  each c l a s s  over a  chosen per iod  o f  time 
is a l s o  included t o  f a c i l i t a t e  comparisons of d i f f e r e n t  ou tpu t s  from t h e  
model. 
The equi l ibr ium r e s u l t s  of such s imula t ions ,  a g a i n  us ing  t h e  same 
t r a n s i t ~ o n  matr ix  - P a s  f o r  Figs.  1 and 4, a r e  shown i n  Figs.  6a and 6b 
f o r  Scramble and Contest  competition r e s p e c t i v e l y .  These f i g u r e s  p l o t ,  on 
a loga r i thmic  s c a l e ,  t h e  average number of i n d i v i d u a l s  i n  each weight 
c l a s s  1-5 (and t h e i r  t o t a l )  f o r  i n c r e a s i n g  amounts o f  v a r i a t i o n  o f  K 
below its maximal l e v e l .  For SCRAMBLE competi t ion,  Fig. ba, i t  can be 
c l e a r l y  seen t h a t  the  t o t a l ,  and a l l  c l a s s e s ,  drop cons iderably  as t h e  
environmental i n s t a b i l i t y  increases .  Note p a r t i c u l a r l y  t h a t  t h e  Standard  
Deviat ion b a r s  f a l l  wel l  below t h e i r  s t a b l e  l e v e l s  f o r  a uniform 
environment ( i n d i c a t i n g  t h a t  f o r  a  very high proport ion o f  t h e  time t h e  
populat ion is below t h i s  l e v e l .  N.B. t h e  d i s t r i b u t i o n  w i l l  be skew, s o  
p r e c i s e  i n t e r p r e t a t i o n  is d i f f i c u l t )  and, indeed, t h a t  f o r  extreme 
v a r i a t i o n s  ( >40$) t h e  c l a s s  l e v e l s  would remain permanently below t h e  
s t a b l e  l e v e l s  they achieve f o r  a  uniform environment ( twice  t h e  s t andard  
dev ia t ion  ba r s  is still below the  l e v e l  f o r  uniform c o n d i t i o n s ) .  For 
CONTEST competition Fig.  6b, t h e  s i t u a t i o n  is markedly d i f f e r e n t .  The 
t o t a l  l e v e l ,  and a l l  c l a s s  l e v e l s  drop r e l a t i v e l y  l e s s ,  and t h e  upper 
s tandard  dev ia t ion  limits a r e  much c l o s e r  t o  t h e  appropr i a t e  l e v e l s  for 
uniform cond i t ions ,  showing t h a t  the  population is depressed less 
continuously than is the  case  with SCRAMBLE competi t ion,  f o r  t h e  same 
amount of environmental i n s t a b i l i t y .  This point  i s  f u r t h e r  empbasised i n  
Figures  7a and b ( f o r  SCRAMBLE and CONTEST competi t ion reslpectiverLy1 
which p l o t ,  f o r  each c l a s s ,  t he  c o e f f i c i e n t s  of v a r i a t i o n  I of  c l a s s  
numbers a g a i n s t  $ environmental i n s t a b i l i t y .  The c o e f f i d i e n t s  of 
v a r i a t i o n  r i s e  apprec iably ,  and f a i r l y  c o n s i s t e n t l y  f o r  a l l  cdasses  f o r  
SCRAMBLE competi t ion.  With CONTEST competition t h e  r i s e  is mucd less f o r  
t h e  higher  weight c l a s s e s  ( 4  and 5), about the  same f o r  c l a s s  and very  4 I 
much more f o r  c l a s s e s  1, 2 and the  t o t a l .  This r e f l e c t s  t h e  fac t  t h a t  
Figure 7. The f i g u r e s  show f o r  SC~1BLE and COIITISST competi t ion respec t ive ly  t h e  e f f e c t s  of environmental 
v a r i a t i o n  ( a s  defined i n  t h e  t e x t  and le(:end t o  Fil:ure 6)on t h e  v a r i a t i o n  of  numbers o f  
individuals  per  c lnss .  This  c l a s s  v a r i a t i o n  per  t i n e  pc:rioci i s  expressed a s  t h e  Coeff ic ient  
of Vnriat ion (Standard dev ia t ion  ha r s  of Pig. 6 divided by nenn l e v e l  from Fig. 6 )  and p l o t t e d  
l i n e a r l y  ns t h e  o rd inn te  on Figures 7. 
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SCRAMBLE competition a f f e c t s  a l l  c l a s s e s  and ( f o r  t h e  va lues  of growth, 
death and fecundi ty  used i n  t h i s  P  matr ix)  causes  t h e  breeding numbers t o  
- 
be depressed t o  a l e v e l  so t h a t  they cannot so  r e a d i l y  t ake  t h e  
populat ion back t o  a  high l e v e l  fol lowing a  ' c r a sh ' .  CONTEST competi t ion 
on the  o t h e r  hand maintains higher  numbers of ' b reede r s '  ( s e e  Fig.  61, 
and t h e  populat ion is a b l e  t o  respond much more r a p i d l y  t o  i n c r e a s e s  i n  
food which may follow a  sharp  dec l ine .  This is i l l u s t r a t e d  i n  Figure 8,  
which p l o t s  t h e  average t o t a l  biomass a t t a i n e d  by popula t ions  cons t r a ined  
by SCRAMBLE and CONTEST competition a g a i n s t  % environmental i n s t a b i l i t y  i n  
K.biomass, i n d i c a t i n g  the  maximum l e v e l  of K and t h e  average l e v e l  of K 
f o r  t h a t  v a r i a t i o n .  We note t h a t  CONTEST populat ions a r e  c o n s i s t e n t l y  
c l o s e  t o  the  average a v a l l a b i l r t y ,  whereas SCRAMBLE popula t ions  drop wel l  
below t h i s  l e v e l  f o r  v a r i a t i o n s  above 50% i n  K .  
I f  we examine Fig.  8 i n  d e t a i l  we s e e  t h a t ,  f o r  SCRAMBLE competi t ion a t  
low v a r i a t i o n s  ( <20%),  the  a t t a i n e d  biomass a c t u a l l y  exceeds t h e  average 
a v a i l a b l e .  This i s  poss ib le  because an excess o f  i n d i v i d u a l s  a r e  produced 
during the  period of super-abundant food ( see  Fig. 4 )  and, even a t  
equ i l ib r ium,  some o f  these  survive  by l o s i n g  weight ( i e .  by u t i l i s i n g  
food ' s t o r e d '  during the  unlimited growth pe r iod) .  Such an argument a l s o  
a p p l i e s  t o  CONTEST competi t ion,  but i f  we look a t  t n e  average CONTEST 
l i n e  i n  Figure 8 we see  t h a t  i t  never exceeds the  a v a i l a b l e  average.  This  
is not i n e v i t a b l e  however, r a t h e r  it is an a r t i f a c t  of t h e  va lues  of t h i s  
example da ta - se t  i n  the  P matr ix and t h e  r u l e s  of CONTEST competi t ion.  
- 
The reasons f o r  t h i s  r e s t r i c t i o n  can be seen by examining Table 3 which 
shows, f o r  both CONTEST and SCRAMBLE competi t ion,  t h e  s t e p s  involved i n  
t h e  c a l c u l a t i o n  of changes i n  numbers per c l a s s  f o r  a  s i n g l e  time 
i n t e r v a l  at the  equi l ibr ium condi t ions  of Fig. 8. For CONTEST compet i t ion  
c l a s s e s  2-5 reach equi l ibr ium immediately a f t e r  fecundi ty  and m o r t a l i t y  
i n  t h e  ' p l e n t i f u l '  food period (P - x - t+l*):  N only c l a s s  1  has  a n  excess  or' 
numbers under CONTEST r u l e s ,  and as by d e f i n i t i o n  these  must maintain 
weight o r  s t a r v e ,  t h e r e  can be no excess biomass surviv ing .  Conversely, 
f o r  SCRAMBLE competition a l l  c l a s s e s  a r e  i n  excess of t h e i r  equ i l ib r ium 
numbers a t  t ime t + l *  ( a f t e r  the  ' p l e n t i f u l 1  period and be fo re  SCRAMBLE 
competition m o r t a l i t i e s ) ;  consequently a  small excess biomass, from 
c l a s s e s  2 t o  5 ,  survive  by u t i l i s i n g  resources accumulated i n  t h e  
' p l e n t i f u l '  per iod ,  and t h i s  mass is i n  excess of K. 
"i9Lr 3 
Tile t a b l e  ahova t h e  s t ages  of ca lcu la t ion  u t  equilibrium nuabrrs f o r  COIREST and SCNd.IiUE competition. 
?he t r a n s i t i o n  matrix.  P, is mul t ip l i ed  by tile vector of equilibriurr nuurbers, ilt. t o  g ive  t h e  p ro j rc red  numbers aircr 
' z rovth '  and fecundity but before competition-induced mor ta l i ty ,  colunn Ilt,l*. 
The n u t  tw colururs show t l ~ e  b io~v lss  c n l ~ u l t ~ i i o n s  t o  determine il lc excess of  projeered biomass. P.bionoss. over  
env i romenta l ly  supportable bi-ss, E.bionass. 
7 
The f i n a l  coluon. shows t h e  f i n a l  condi t ions  after one s thcu of t h e  vtsole process,  which represen t s  a r e ru rn  
t o  t h e  equ i l ib r iun  condi t ions  (shown i n i t i n l l y  i n  column ]It). 
:lore tha r  with COllTEST conpe t i t ion  c l a s s e s  2-5 reaclr equilibrium numbers a t  column b u t  c l a s s  1 only at  c o l m  
::trll. whereas no c l a s s  r e ~ a i n s  equilibrium n u b e r a  v r r r h l  N f r l i  for ::CI:WYLE coupuTit1Du. 
C O I I T E S T  
?WISITIOli IIATRIX c-1 
Ilass, Iience civi l :  
from ~ 1 ~ 1 ~ s  
l i  c-5  class 1 CLASS 1 2 i L 5 I ~ L  :*I * l l t*l* t*1* survivor.  ar. lit*1Z 
1. .50 . l L  0 L.50 5.50 965.0 l g l 7 . i  7580.0 11262.0 (0500-3675)/5 - = 965.C 
2. . lo .58 . lo 0 0 275.9 257.3 1418.5 3615.0 5 257.! 
3. .O .13 .DL .10 0 115.1 :I?.: 708.6 2256.6 116.: 
L 0 0 .16 ..67 .10 90.0 ?0.0 603.3 1548.0 90.i 
5 .  0 0 0 . l 8  .85 105.0 lS>.Ci 918.0 918.0 106.i 
!: C 11 A I.! I3 L E 
~ I S I T I O I :  ItZTRIX Survive and Survive by 
maintain reducing 
I ron  cless 1: I: W e i ~ h t  weight C2ZS 1 2 3 4 5 t L-1- l i t* l .  x 0.932 x 0.068 :;'.l% 
1. .50 . l4 0 b.5 5.5 1132.2 113L.3 l113.1 19.0 1132.: 
2. .10 .58 .10 0 0 267.7 .!79.? 260.2 7.5 267.' 
3. 0 .13 .64 .10 0 106.9 10:) .ii 102.3 4.5 106.1 
4. o 0 .16 .67 . lo 66.0 66.7 62.2 3.9 66.. 
5. 0 0 0 .18 .85 53.4 57.3 53.4 - 53. 
Uei,:hts vector  llt+l* = numbers a f t e r  fecundi ty  and 'random 
CLASS WEIGIff mor ta l i ty  b u t  BEFORE competition 
1. 5.0 induced cha tces  
2. 5.5 
3 .  6.0 llt,lf - equi l ibr ium numbers APTm compcriria 
4. 7.0 induced chmges .  
5. 8.5 
TABLE 4: The effects  on t h e  equilibrium conditions f o r  SCRAMBLE and 
CQHTEST conpetition of a l t e r i n g  t h e  s t ruc tu re  of t h e  P 
matrix by introducing a fecundity value (%O) on row 2, 
and nending the value of elenent 1 ,5  so t h a t  c lass  5 
;)arer.ts s t i l l  produce t h e  snne b i o ~ a s s  of offspring.  
The e f fec t s  of t h i s  change i n  s t ruc ture  on t h e  equilibrium 
conditions a r e  small f o r  SCRAMBLE competition but  very 
narked f o r  CONTEST competition. 
The Model's data 
Class 
Data s e t  1 
weights 'old' P t.fatrix 
Data s e t  2 
'new' P n a t r i x  
Equi l ibr ia  f o r  UIIIFOl31 model 
h t a  s e t  1 1 Data s e t  2 
i 
'old '  P esuilibrium I 'new' P equilibrium 
1. 1132 
! 1035 2. 268 348 3. 107 
I 130 4. 66 74 5. 53 52 
m s s  8690 / 8823 
Data s e t  1 Data s e t  2 
'old '  P equilibriuu 'new' P ecuilibrium 
1. 965 I 30 
2. 258 I I 596 3. 118 273 
4. 90 208 
5- 108 249 
f mass 8500 8648 
We may confirm t h a t  t h e  apparent  r e s t r i c t i o n  o f  t h e  e q u i l i b r i u m  mass f o r  
CONTEST competi t ion shown i n  Fig.  8 ,  is due t o  t h e  s t r u c t u r e  of t h e  P 
- 
matr ix  by a l t e r i n g  its values .  Changing t h e  t r a n s i t i o n  p r o b a b i l i t i e s  
would c l e a r l y  a l t e r  d r a s t i c a l l y  t h e  equ i l ib r ium va lues ,  b u t  we would 
expect ,  and can confirm from ( u n i l l u s t r a t e d )  s imula t ions ,  t h a t  changes t o  
t h e  f e c u n d i t y v a l u e s  ( t o ,  eg: 0, 0 ,  0 ,  5 ,  6.5; o r O ,  0 ,  0, 4 ,  6) do not  
g r e a t l y  alter t h e  equi l ibr ium numbers f o r  SCRAMBLG o r  a t  a l l  f o r  CONTEST 
competi t ion and t h a t  t h e  equi l ibr ium mass f o r  CONTEST is still r e s t r i c t e d  
t o  K.  This is t r u e  f o r  a  wide range o f  fecundi ty  va lues  ( so  long as 
o v e r a l l  production exceeds o v e r a l l  m o r t a l i t y ) .  
However, i f  we change the  P m a t r i x ' s  form so  t h a t  i n d i v i d u a l s  can be 
- 
' r e a r e d t  i n t o  class 11, a s  shown i n  Table 4 (no te  t h a t  t h e  t o t a l  mass of 
o f f sp r ing  r ea red  by c l a s s  5 i n d i v i d u a l s  is the  same f o r  t h e  ' o l d *  and 
'new' g mat r i ces  of Table 4 )  we remove t h e  r e s t r i c t i o n  on t h e  equi l ibr ium 
mass f o r  CONTEST competition and, moreover, change t h e  b a s i c  dynamics and 
equi l ibr ium cond i t ions  f o r  both SCRAMBLE and CONTEST compet i t ion ,  a s  
shown i n  Figure 9.  
Figure 9a i l l u s t r a t e s  t h e  s i t u a t i o n  f o r  SCRAMBLE compet i t ion  us ing  t h e  
new - P values.  A s  i n  Fig.  5a t h e  c l a s s  numbers r i s e  smoothly t o  a s t a b l e  
l e v e l ,  and remain t h e r e .  Class  1 is the  commonest, as be fo re ,  but  t h e r e  
a r e  fewer c l a s s  1 i n d i v i d u a l s ,  more i n d i v i d u a l s  i n  c l a s s e s  2 t o  4 than 
previous ly  ( see  Table 4a )  and a g r e a t e r  o v e r a l l  biomass than formerly.  
Figure 9b and Table 4b show t h e  new equi l ibr ium f o r  CONTEST competi t ion,  
and the  change is much more dramatic  than f o r  SCRAMBLE. Con t ras t ing  
Fig.  gb with Fig.  5b we s e e  t h e  uniform i n i t i a l  rise, as formerly,  with 
c l a s s  1 i n d i v i d u a l s  r ap id ly  becoming the  commonest. However, when 
competi t ion a c t u a l l y  t akes  e f f e c t  (about  time u n i t  25) c l a s s  1 drops  very 
r a p i d l y  i n  numbers, becoming r a r e r  than c l a s s  2 by time T = 50, r a r e r  
than c l a s s e s  3 ,  4 and 5 by time T = 70 and f a l l i n g  t o  a s t a b l e ,  extremely 
r a r e  l e v e l  by time T = 90. Hence a l t e r i n g  the  f ecund i ty  v a l u e s  t o  permit 
' r e a r i n g '  o f  i n d i v i d u a l s  i n t o  c l a s s  2 ( s e e  Table 4)  h a s  s l i g h t l y  a l t e r e d  
t h e  r e l a t i v e  f requencies  of t h e  c l a s s e s  f o r  SCRAMBLE compet i t ion ,  whi le  
r e t a i n i n g  t h e i r  rank o rde r ,  but  has d r a s t i c a l l y  a l t e r e d  t h e  popula t ion  
s t r u c t u r e  f o r  CONTEST competition by changing c l a s s  1 from t h e  commonest 
Figure 9. The figures p lo t s  numbers of individuals per weight-class (c lasses  1-5) 
against  t i n e  i n  the  s inulat ion nodel, using the  values f ron  the  '!Jew1 
t r ans i t i on  matrix and f o r  both SCMDLE (Fig. 9P.) and CONTEST (Fig. 9B) 
conpetition. 
The l eve l s  f o r  each c lass  a r e  shown by the  so l id  l i n e s  i n  t h e  f igures ,  
each l i n e  being ident i f ied  by a c lass  number above it a t  t h e  r i g h t  of 
t h e  f igure  (Heading Iiew matrix).  The dotted l i n e s  appearing t o  t he  
r igh t  of t h e  f igure  show the  l e v e l s  reached by those c lasses  (numbers 
and l i n e s  appear under t h e  heading 'Old matrix ')  using t h e  'Old' 
t r a n s i t i o n  matrix for  conparison. (See Figure 5 f o r  an iden t i ca l  
p lo t  a s  t o  how these 'Old' l e v e l s  were reached). 
liote t h a t  while t he  general l eve l s  and r e l a t i ve  oraer  of t h e  c lasses  
f o r  SCRAIBLE competition (Fig. 3 ~ )  are  quite s i - i l a r  f o r  both 
t r a n s i t i o n  Matrices t he  outcones under t he  d i f fe ren t  t r a n s i t i o n  
na t r ices  a r e  d r a m t i c a l l y  d i f fe ren t  for  COFEShonpet i t ion .  In  
par t icu la r ,  under COIITEST competition, c l a s s  one changes f r o n  being 
by f a r  t he  comnonest t o  by f a r  t h e  r a r e s t ,  wizh consequent dranatic 
changes i n  t h e  absolute l e v e l s  of c lasses  2-5. 
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Figures 10. These f igures  (108 and lob)  a re  d i rec t ly  comparable with 
Figures 5a and 5b. They show variat ions on numbers of 
individuals per weight c lass  f o r  each c l a s s  1-5 against 
time i n  the  simulation model, s t a r t i n g  from 50 c l a s s  5 
individuals. However, Figures 10 a re  r e s u l t s  from the  
program LOMSR2.BAS, which var ies  the  'carrying capacity',  
I:, at random f o r  each t i n e  u n i t  of  the  sirnulatian. 
For these two f igures  K w a s  var ied randomly by a maximum 
of 20% below i t s  naximal value (value used throughout f o r  
Figures 5, see t e x t  for  detai ls] .  
note t h a t  t he  classes reach similar l eve l s  under both 
circunstances (compare 5a with 108, 5b with l o b )  but 
t h a t  t he  fluctuations of c lass  1 are  more extreme with 
COICEST competition. 
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Figures 10. These f igures  (10c and 10d) a r e  included f o r  d i r e c t  conparison 
with Figares 10a and lob respectively.  fia four  f igures  a r e  
produced by the  nodel program LOblSR2.BAS with 20: var ia t ion  of 
K. 
Note t h a t ,  as i l l u s t r a t e d  i n  F i y r e s  9 ,  t h e  use of t h e  'New' 
t r ans i t i on  matrix, a l l o~ r ing  aninals t o  be 'born' i n t o  t h e  
second Weight-class dramatically a l t e r s  t h e  equilibrium 
s t ruc ture  of t h e  population f o r  COIiTEST conpet i t ion,  but only 
has s l i g h t  effect  with SCRAMBLE competition. 
SCRAMBLE 
CONTFST 
t o  t h e  r a r e s t .  We emphasise t h a t  the  change i n  t h e  P matr ix  i s  l a r g e l y  
one of s t r u c t u r e  not values as the  new fecundi ty  terms f o r  class 5 
breeders  r e s u l t  i n  t h e  same biomass of o f f s p r i n g  being rea red  per c a p i t a  
( s e e  Table 4) .  Reference t o  t h e  l a s t  l i n e  t o  Table 4b confirms t h a t  t h e  
equ i l ib r ium biomass f o r  CONTEST competi t ion ( ~ 8 6 4 8 )  now exceeds t h e  
l i m i t i n g  value of K (=8500) whereas with t h e  previous P matr ix  it was 
e x a c t l y  equal  t o  K.  
We may now r e t u r n  t o  our model which accounts  f o r  v a r i a t i o n s  i n  K 
(LOMSR2.BAS) and s e e  the  e f f e c t s  o f  the  new - P matr ix  values.  With 
SCRAMBLE competition and 20% v a r i a t i o n  the  bas i c  s i t u a t i o n  is much t h e  
same (compare Fig.  10a and Fig.  10c) f o r  both P matr ices ,  bu t  with 
CONTEST t h e r e  a r e  marked d i f f e r e n c e s  (F igs .  10b and 10d). E s s e n t i a l l y  
c l a s s e s  1 and 2 respond d ramat i ca l ly  t o  v a r i a t i o n s  i n  K under CONTEST 
competi t ion and it is  t h i s  which permits  CONTEST popula t ions  t o  s t a y  
permanently c l o s e  t o  t h e  a c t u a l  l i m i t s  of a v a i l a b l e  food. This  e f f e c t  is 
summarised i n  Fig.  11 (which may be compared wi th  Fig.  8 t o  show t h e  
d i f f e r e n t  e f f e c t s  o f  t h e  two - P ma t r i ces ) .  
Examining Figure  11 i n  d e t a i l  we s e e  t h a t ,  a t  zero  v a r i a t i o n  i n  K ,  
SCRAMBLE popula t ions  a t t a i n  higher  sus ta ined  biomass than CONTEST 
popula t ions ,  as before  (see  Fig .  8 )  but  t h a t  the  CONTEST popula t ion  is 
now a l s o  above t h e  K 'limitt ( see  a l s o  Table 4) .  A s  v a r i a t i o n  i n  K 
i n c r e a s e s ,  SCRAMBLE populat ions do less w e l l  ( r e l a t i v e  t o  t h e  average o f  
environmental ly suppor table  biomass): at 20% v a r i a t i o n  they  are only as 
success fu l  a s  CONTEST popula t ions ;  at  50% v a r i a t i o n  they f a l l  below t h e  
'average s u s t a i n a b l e  l e v e l ' ;  a t  90% v a r i a t i o n  they  a r e  s l i g h t l y  c l o s e r  t o  
t h e  minimum s u s t a i n a b l e  l e v e l  than t o  t h e  average s u s t a i n a b l e  l e v e l .  
CONTEST populat ions however maintain a f a i r l y  cons tan t  excess  o f  a t t a i n e d  
biomass over average suppor table  biomass u n t i l  t h e r e  is  60% v a r l a t i o n  i n  
K below i ts  maximum: subsequently the  average biomass a t t a i n e d  by CONTEST 
popula t ions  drops only  s lowly,  reaching t h e  average suppor table  l e v e l  at  
c. 85% v a r i a t i o n  of K and not  being far below the  average at  90% 
v a r i a t i o n  of K. This is aga in  due t o  the  higher propor t ion  of b reede r s  
p resen t  i n  CONTEST populat ions producing a more p l e n t i f u l  c rop  of 
o f f s p r i n g ,  a s  i s  shown by comparing Figure 12a with Figure  12b. The 
'igure 11. Average bionass attained by populations a t  equi l ibr iun fo r  SCIWE3L.X 
and COIlTST competition fo r  varying amounts of seasonal var iat ion of 
food, I:.bionass, eqresned  as percent below n a r h  available.  
See Figure 8 for comparison and legend, and see t e x t  for  de ta i l s .  
Data s e t  2, 'Iiew ivlatrix' values. 
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Figure 12.  Effects of environnental var iat ion of avai lable  f w d ,  K.bionsss, 
on equilibriun nunbers of individuals per  weight c lass .  See 
Figures 6 f o r  conparison of these resu l t s ,  obtained with Data-set 
2 ('Ilew 14atrix' values),  with t h e  previous r e s u l t s  f r o m t h e  'Old 
Matrix' values (Data-set 1 ) .  
Note par t icular ly the  dramatic effect  of t h e  new data  values on 
the  outcone f o r  CO:lTEST conpetition. Weight c l a s s  1 changes 
from being the  r a re s t ,  on average, with zero var ia t ion  of 
K. biouass t o  the  cornnonest, on average, with 90% var ia t ion ,  
while i t s  variat ion per in te rva l  becomes extreme ( see  off-set 
e r ro r  bars ) . 
Percent variat ion below K.biomass 
Figure 13. Effect of environmental var ia t ion  of K.bionass on the  v a r i a b i l i t y  
of numbers of individuals per Weight c lass ,  expressed as t h e  
coeff ic ient  of var ia t ion  of Ilunbers per Class f o r  d i f f e r en t  
l e v e l s  ($1, of var ia t ion of E.bionass. 
See t ex t  for  d e t a i l s  and Figure 7 f o r  conparison. 
These r e s u l t s  a r e  cbteined with data-set 2, note e f f ec t  on 
c l a s s  1 with C!I:F2S? coripetition i s  rlr-zic. 
FIG. 13 
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average number o f  class 1 i n d i v i d u a l s  f o r  CONTEST popu la t ions  rises 
dramat i ca l ly  a s  v a r i a t i o n  o f  K i n c r e a s e s ,  and examination of F ig .  10d 
confirms t h a t  they reach high numbers very i r r e g u l a r l y  as food happens t o  
be a v a i l a b l e .  This v a r i a t i o n  is i l l u s t r a t e d  i n  Figure  13, which p l o t s  
c o e f f i c i e n t s  of v a r i a t i o n ,  f o r  each c l a s s ,  a g a i n s t  I v a r i a t i o n  i n  K. It 
is i n t e r e s t i n g  t o  note  t h a t  f o r  CONTEST competi t ion the c o e f f i c i e n t s  o f  
v a r i a t i o n  tend t o  r ise c o n s i s t e n t l y  as environmental v a r i a t i o n  r i s e s ,  bu t  
f o r  SCRAMBLE competition t h e  c o e f f i c i e n t s  o f  v a r i a t i o n  peak a t  around 80% 
and then drop. This may be i n t e r p r e t e d  as t h e  l e v e l  o f  v a r i a t i o n  t h e  
SCRAMBLE populat ion i s  l e a s t  a b l e  t o  cope with: a t  lower l e v e l s  o f  
Var ia t ion  (50%) SCRAMBLE populat ions achieve f a i r l y  s t a b l e  composition 
c l o s e  t o  t h e  average l e v e l  of food a v a i l a b i l i t y ;  at high l e v e l  o f  
environmental v a r i a t i o n  (c.  90%) they become cons t r a ined  t o  a  composition 
c l o s e r  t o  t h e  minimal suppor table  l e v e l  (see Figs.  11 and 12). 
4.1 More complex s e a s o n a l i t y  
I n  t h e  previous  s e c t i o n  we in t roduced t h e  p o s s i b i l i t y  of v a r i a t i o n s  of K 
with each time u n i t ,  but  r e t a i n e d  t h e  r e s t r i c t i o n s  t h a t  ( i f  compet i t ion  
d i d  not  d i r e c t l y  a f f e c t  t h e  numbers of  o f f s p r i n g  r e a r e d  and (ii) t h a t  
food was only l i m i t i n g  f o r  a  s h o r t  period of  each breeding c y c l e  ( s e e  
Fig. 4 .  By e l a b o r a t i n g  t h e  model 's s t r u c t u r e  it i s  q u i t e  p o s s i b l e  t o  
cope with more complex s i t u a t i o n s ,  a s ,  f o r  example, when food 
a v a i l a b i l i t y  l i m i t s  a  female ' s  a b i l i t y  t o  produce eggs ( o r  o f f s p r i n g  f o r  
v iv ipa rous  an imals )  or  when ( w i n t e r )  food supply is l i m i t e d  f o r  a  more 
p ro t r ac t ed  per lod  ( t h e  l i m i t  s e t  on our  c u r r e n t  model i s  t h a t  t h e  s i n g l e  
period of  l i m i t e d  food must be s u f f i c i e n t l y  s h o r t  f o r  an i n d i v i d u a l  t o  
su rv ive  f o r  t h a t  l eng th  of  t i n e  s o l e l y  by us ing  food r e sources  e q u i v a l e n t  
t o  t h e  d i f f e r e n c e  between one c l a s s  and ano the r ) .  
Consider a  time period T (such a s  a  yea r )  broken up i n t o  S seasons 
(months),  as shown i n  Fig. 14.  Food a v a i l a b i l i t y  (mass/animal e q u i v a l e n t  
mass) is shown by t h e  s o l i d  l i n e ,  and v a r i e s  s e a s o n a l l y ,  being,  say K 
S '  
f o r  each season,  on average.  I f  we assume an i n i t i a l  popula t ion  
equ iva len t  i n  s i z e  and composition t o  t h e  equ i l ib r ium popu la t ion  a t  t h e  
onse t  of t h e  reproduct ive  period ( R  i n  Fig.  14) and a s s e s s  i t s  food 
0 
requirements  so t h a t  ( i )  each i n d i v i d u a l  grows and reproduces  
unconstrained by l ack  of food and (ii) no i n d i v i d u a l  s t a r v e s  due t o  
(win te r )  decrease i n  food we could c o n s t r u c t  a  curve ,  shown d o t t e d  i n  
F ig .  14, of ' i d e a l i s e d  food demand'. We might expect  a  r e a l  popula t ion  t o  
behave a s  i n d i c a t e d  by the  chain-dotted curve i n  Fig.  14: d u r i n g  win te r  
it i s  a  l i t t l e  above the  immediate l i m i t  of  food a v a i l a b i l i t y  (due t o  
u t i l i s a t i o n  of  s t o r e d  r e sources ) ;  i n  s p r i n g  i t  rises slowly above t h i s  
l e v e l  a s  food becomes more p l e n t i f u l  (we fol low P e r r i n s  1970 i n  assuming 
t h a t ,  due t o  t h e  requi red  growth period of o f f s p r i n g  and t h e i r  energy 
demands, i n d i v i d u a l s  a r e  l i k e l y  t o  be obl iged  t o  l a y  eggs  be fo re  food 
a v a i l a b i l i t y  reaches  a  peak); i n  summer i t  rises d r a m a t i c a l l y  as 
14. Hypothetical seasonal var ia t ion  i n  the  biomass of a population 
t h a t  could be supported by environuentally avai lable  food over 
one season. 
'FOOD SUPPLY' - bionass t h a t  could be supported by t h e  food at 
any instance IF there  were t h a t  nany individuals extant. 
'FOOD DEMAIJD' - bionass equivalent of food t h a t  would be needed 
t o  support a population s t a r t i n g  a t  the  environmentally 
supportable leve l ,  at T=R (onset of breeding) I F  the re  w e r e  t o  
be no l i n i t a t i o n  on breeding o r  n o r t a l i t y  due t o  lack  of food 
resources. 
'POPULATION' - l i k e l y  course of ac tua l  population given t h e  
r e s t r a i n t s  of 'FOOD SUPPLY'. 
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o f f s p r i n g  a r e  produced and use food t o  grow, bu t ,  due t o  t h e  r e s t r a i n t  
mentioned above, is l i k e l y  t o  remain below t h e  a v a i l a b l e  food and s o  may 
r e l a x  r e s t r i c t i o n s  due t o  competi t ion f o r  a  per iod;  i n  autumn, food 
becomes l e s s  p l e n t i f u l ,  and t h e  r e s t r i c t i o n s  o f  compet i t ion  aga in  t a k e  
e f f e c t ,  causing t h e  a c t u a l  populat ion l e v e l  t o  drop. 
We can envisage cap tu r ing  t h i s  s easona l  complexity by having a  s e r i e s  o f  
S  t r a n s i t i o n  mat r ices ,  Psij, t h a t  correspond t o  t h e  t r a n s i t i o n  
p r o b a b i l i t i e s  f o r  t h a t  season.  I n  un res t r a ined  c o n d i t i o n s  ( r e l a t i v e  t o  
food supply)  these  mat r ices  aga in  r ep resen t  t h e  p r o b a b i l i t i e s  t inat,  i n  a 
l o c a l l y  heterogeneous and unpred ic t ab le  environment, a  given i n d i v i d u a l  
w i l l  (a)  f i n d  l e s s  food than normal, and l o s e  weight (b )  f i n d  enough food 
t o  maintain weight,  ( c )  f ind  enough food t o  ga in  apprec iab le  weight o r  
( d )  d i e  due t o  dens i ty  independent causes.  The t o t a l  mass o f  such an 
unres t r a ined  popula t ion  would accordingly fol low a  t r a c k  l i k e  t h a t  of  t h e  
do t t ed  curve of  Fig. 14, assuming reproduct ion  was l i m i t e d  to an 
appropr i a t e  period.  I f ,  f o r  s i m p l i c i t y ,  we assume t h a t  b i r t h s  ( Z  
production and r e a r i n g  of o f f s p r i n g  t o  independence) t akes  p l a c e  only  
once a  year  (o r  t ime period T )  and always a t  a  s e t  t ime,  (eg .  TS5 i n  
Fig.  l 4 ) ,  then t h e  model s t r u c t u r e  and simulat ion program would be q u i t e  
s t r a igh t fo rward .  We would r e q u i r e ,  ( i )  S t r a n s i t i o n  ma t r i ces  P . (S : 12 
-si j 
f o r  Fig.  14) of which only P would con ta in  fecundi ty  v a l u e s ,  t h e  
-5i j 
o t h e r s  conta in ing  only t r a n s i t i o n  p r o b a b i l i t i e s  and ( i i )  S v a l u e s  o f  K 
t h a t  would correspond t o  t h e  s o l i d  curve i n  Fig. 14. Each m a t r i x  P . .  
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would be used i n  t u r n  ( S  = 1-12; repeated f o r  Y y e a r s ) :  t h e  popula t ion  
would be cons t ra ined  by competi t ion throughout bu t ,  a s  expla ined  above, 
could (depending on t h e  seasona l  v a r i a t i o n  of K) be expected n o t  t o  be 
l i m i t e d  by competi t ion when food supply exceeded food demands. (We no te ,  
i n  pass ing ,  t h a t  Bacon (1981 ) has used such a s e r i e s  of  m a t r i c e s  t o  model 
growth and competi t ion of macrophytes i n  a  r i v e r  community). 
For t h i s  s p e c i a l  case  ( s i n g l e  broods a t  a  s p e c i f i c  season every  y e a r ,  
o f f s p r i n g  becoming independent wi th in  one time period S  ) t h e  form o f  t h e  
S 
model would be l a r g e l y  una l t e red .  We note  t h a t  t h i s  s imple model would 
permit u s  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  d i f f e r i n g  p a t t e r n s  of s easona l  
food a v a i l a b i l i t y  i n  d i f f e r e n t  yea r s ,  and t h e  e f f e c t s  o f  t h e s e  on t h e  
numbers of breeding i n d i v i d u a l s  . i n v e s t i g a t i n g  t h e  r e s u l t s  of 
d i f f e r e n t  K(= Ks, s = 1-12) vec to r s  o f  food a v a i l a b i l i t y ,  e i t h e r  by us ing  
t h e  same K every model year ,  but  d i f f e r e n t  ma t r i ces  f o r  d i f f e r e n t  runs ,  
- 
o r  by a l t e r n a t i n g  one of a  v a r i e t y  of 5 matrices (K 1 i n  d i f f e r e n t  y e a r s  
Y S  
f o r  t h e  same run o f  t h e  model). 
Fur ther  e l a b o r a t i o n s  would be poss ib le :  m u l t i p l e  broods could be 
incorpora ted  q u i t e  r e a d i l y ,  so long as t h e r e  was no per iod  o f  p a r e n t a l  
c a r e  exceeding a time S (such a complicat ion would r e q u i r e  more complex 
s t r u c t u r e  o f  t h e  - P matr ix  and a d d i t i o n a l  sub-rout ines) ,  even a l lowing f o r  
a l o s s  o f  condi t ion  causing time l a g s  between production o f  one brood and 
t h e  next .  
4.2 Habi ta t  he te rogene i ty  
4.2.1 Background and theory 
S tud ies  o f  n a t u r a l  populat ions t y p i c a l l y  t a k e  p lace  i n  a  def ined  s p a t i a l  
a r e a ,  o f t en  chosen l a r g e l y  f o r  convenience r a t h e r  than from more 
o b j e c t i v e  c r i t e r i a .  I n  consequence t h e  r e s u l t s  apply ,  i n  d e t a i l ,  t o  t h a t  
a r e a  a lone  and can not  be e a s i l y  ex t rapo la t ed  t o  o t h e r  s i t e s .  Con t ras t ing  
r e s u l t s  from d i f f e r e n t  s i t e s  a r e  d i f f i c u l t  t o  compare because t h e  
h a b i t a t s  of each a r e  o f t en  inadequate ly ,  o r  j u s t  d i f f e r e n t l y ,  descr ibed .  
I t  i s  usual  t o  f ind  t h a t  the  populat ion processes  are i n v e s t i g a t e d  in 
much more d e t a i l  than t h e  h a b i t a t  composition o r  o t h e r  environmental  
f a c t o r s  t h a t  under l i e  t h e  causes  of t h e  populat ion changes. There is 
consequently a  need f o r  populat ion s t u d i e s  t o  be more c l o s e l y  l inked  t o  
environmental a spec t s  of t h e  h a b i t a t s  on which much o f  t h e  under ly ing  
populat ion process  a r e  founded. Unfortunately,  most models o f  popula t ion  
dynamics a r e  f o r  'c losed popula t ions  of random mixing i n d i v i d u a l s  i n  
homogeneous environments1 and the re fo re  e x p l i c i t l y  ignore  d i s p e r s a l  
(migrat ion and emigra t ion)  and e f f e c t s  of h a b i t a t s .  D i s p e r s a l  from n a t a l  
a r e a s  i s  poorly understood i n  ecology and it is o f t e n  claimed t h a t  
d i s p e r s a l  i n t o  sub-optimal a r e a s  cannot be an important  mechanism o f  
r e g u l a t i n g  numbers because it could n o t  evolve by n a t u r a l  s e l e c t i o n ,  as 
d i s p e r s a l  i s  disadvantageous f o r  t h e  d i s p e r s e r s  ( s e e  d i scuss ion  by 
MacArthur 1972). This argument i s  s i m p l i s t i c  on two counts .  F i r s t  t h e r e  
is no reason t o  suppose the  d i s p e r s i n g  i n d i v i d u a l s  ' i n t e n t i o n a l l y '  go 
i n t o  poorer h a b i t a t :  they a r e  presumably seeking f o r  b e t t e r  cond i t ions  
and, with no p r i o r  knowledge a s  t o  where such cond i t ions  e x i s t ,  may go 
i n t o ,  and perhaps never emerge from, less s u i t a b l e  a r e a s .  D i spe r sa l ,  or 
emigrat ion,  c l e a r l y  involves cons ide rab le  r i s k  t h a t  favourable  c o n d i t i o n s  
w i l l  not be found, but  provides a p o t e n t i a l l y  high reward (of  favourable  
breeding) if they a r e  found. Second, as pointed o u t  by Lomnicki (1978, 
1980) it depends on the  assumption t h a t  a l l  i n d i v i d u a l s  a r e  i d e n t i c a l :  
fol lowing Lomnicki ( l o c .  c i t . )  and t h e  gene ra l  theme of t h i s  paper we 
cons ider  the  s i t u a t i o n  f o r  a  populat ion of animals i n  which r e sources  a r e  
a l l o c a t e d  unequally depending on condi t ion  o r  s o c i a l  dominance and 
emphasise t h a t  these d i f f e rences  need no t ,  i n  anyway, be g e n e t i c a l l y  
determined. Consider a  seasonal ly  v a r i a b l e  environment where w i n t e r  food 
supply i s  t y p i c a l l y  a b l e  t o  support  only h a l f  t he  summer numbers, o r  
1 biomass, and allow some dens i ty  independent m o r t a l i t y ,  say 10%. S t a r t i n g  
! with our r u l e s  f o r  CONTEST competi t ion,  f o r  s i m p l i c i t y ,  we cons ide r  t h e  
I l i k e l y  f a t e s  of animals i n  each t h i r d  of t h e  s o c i a l  h ierarchy.  Those i n  
t h e  top  t h i r d  have the  s tandard 10% m o r t a l i t y  r i s k ,  and a low r i s k  t h a t  
due t o  chance f a c t o r s  they w i l l  drop i n  the  h ie ra rchy ,  they a r e  however, 
un l ike ly  t o  drop a long way, below t h e  c r i t i c a l  ha l f  way mark, s o  t h e i r  
chances of n e i t h e r  s t a r v i n g  nor los ing  weight a r e  e x c e l l e n t .  The 
situation f o r  the  middle t h i r d  is more complex: those  i n  t h e  t o p  h a l f  
w i l l  gene ra l ly  s t a y  t h e r e ,  and perhaps move up a b i t  due t o  random 
m o r t a l i t y  o f  those  above them (10% chance) ,  and consequently those  j u s t  
below the  mid-point may expect t o  move up s l i g h t l y ;  those  w e l l  below t h e  
mid-point w i l l  gene ra l ly  l o s e  cond i t ion ,  although ' lucky '  ones  may do 
b e t t e r ,  and o t h e r s  may lose  condi t ion  appreciably.  The s i t u a t i o n  is 
s imples t  f o r  t h e  lowest t h i r d :  near ly  a l l  w i l l  l o s e  cond i t ion  s e r i o u s l y  
and most a r e  l i k e l y  t o  s t a r v e ;  the  s u r v i v a l  p r o b a b i l i t y  f o r  t h i s  lower 
t h i r d  can be thought of a s  being near  zero. I f  we imagine t h i s  populat ion 
t o  be i n  an i s o l a t e d  l a r g e  patch of 'good' environment surrounded by a 
much wider a rea  of 'poor '  environment conta in ing  a few small p a t h s  o f  
reasonable h a b i t a t ,  it i s  a t  once apparent  t h a t :  ( i )  animals i n  t h e  t o p  
t h i r d  o f  the  h ierarchy snould s t a y  i n  tine bes t  pa tch ,  where they  have 
high expec ta t ions  o f  s u r v i v a l  and good breeding ( i i )  animals  i n  t h e  
middle t h i r d  should a l s o  s t a y ,  as they are l i k e l y  t o  s u r v i v e  and perhaps 
inc rease  cond i t ion  ( i i i )  animals i n  t h e  lower t h i r d  a r e  almost c e r t a i n  t o  
d i e  if they remain; even if the  chance of mainta in ing  weight  i n  t h e  
surrounding a r e a  is about a q u a r t e r  o f  t h a t  i n  t h e  b e s t  a r e a  t h i s  i s  
l i k e l y  t o  be a much b e t t e r  s u r v i v a l  prospect  f o r  those  animals  i n  t h e  
lower t h i r d .  Accordingly we can presume t h a t  an animal very  low i n  t h e  
s o c i a l  h ierarchy a t  a time when food is sca rce  and compet i t ion  ensues 
should move, i n  the  'hopes' of f ind ing  an a r e a  with less seve re  
competi t ion,  a s  it is t h i s  competi t ion which poses t h e  g r e a t e s t  t n r e a t  t o  
such i n d i v i d u a l s  ( ' one  o f  the  most important  a s p e c t s  o f  t h e  ewi ronment  
t o  an i n d i v i d u a l  i s  o t h e r  i n d i v i d u a l s ' ,  Ch i t ty  1966). 
4.2.2 A simple model of heterogeneous h a b i t a t s  and d i s p e r s a l  
While it would be p o s s i b l e  t o  develop a s p a t i a l  vers ion  of  t h e  cond i t ion  
model t o  account i n  some d e t a i l  f o r  h a b i t a t  he te rogene i ty  and d i s p e r s a l  
from a l a r g e  patch of 'good' h a b i t a t  t o  a l a r g e r  surrounding pe tch  o f  
'poor '  a rea  in t e r spe r sed  with some ' reasonable '  r eg ions  t h i s  would be 
both r a t h e r  complex and involve many more unknown parameter va lues .  For 
i l l u s t r a t i v e  purposes it is simpler  t o  assume a mosaic o f  pa tches  o f  
- .- 
'good' and 'poor'  h a b i t a t  d i spe r sed  a t  random and t o  assume i n d i v i d u a l s  
have an average d i s p e r s a l  d i s t a n c e  s u f f i c i e n t  t o  t a k e  them from one 
pa tch ,  ac ross  t h e  nex t ,  t o  a t h i r d .  I f  we assume t h a t  d i s p e r s i n g  
i n d i v i d u a l s  a r e  r e a d i l y  a b l e  t o  a s s e s s  their a b i l i t y  t o  g a t h e r  food i n  
t h e  f a c e  of competi t ion ( t h e  f ind ings  o f  J.R. Krebs and h i s  co l l eagues  
l e n d s  credence t o  t h i s  s impl i fy ing  assumption) then we may s a f e l y  assume 
t h a t  d i spe r s ing  i n d i v i d u a l s  w i l l  ( 1 )  experience t h e  c o n d i t i o n s  (to them) 
i n  both h a b i t a t s  and ( 2 )  w i l l  s e t t l e  i n  t h e  a r e a  most favourable  t o  them. 
We emphasise t h a t  it is the  cond i t ions  t o  t h e  d i s p e r s e r  which a r e  
important :  while  it i s  c l e a r  t h a t  a 'low dominance d i s p e r s e r '  is l i k e l y  
t o  s e t t l e  i n  t h e  poor a r e a ,  one can r e a d i l y  envisage c o n d i t i o n s  t h a t  
might cause d i s p e r s a l  of 'high dominance' i n d i v i d u a l s  from t h e  poor area, 
and these  might we l l  be expected t o  have b e t t e r  prospects  i n  t h e  'good' 
a r e a  if t h e i r  cond i t ion  p u t s  them above t h e  'good th resho ld1  l e v e l .  
We must o f  course recognise that i n  some s p e c i e s  d i s p e r s a l  w i l l  occur  i n  
r e l a t i o n  t o  proximate f a c t o r s  r a t h e r  than t h e  u l t i m a t e  f a c t o r s  t h a t  
confer  s e l e c t i v e  advantage t o  t h e  d i s p e r s e r s  ( 'Ul t imate '  and 'PP0Ximate1 
a r e  used sensu Lack, 1954).  For example migrant b i r d s  d i s p e r s e ,  o r  more 
p r e c i s e l y ,  migra te ,  response t o  seasona l  changes i n  day-length t h a t  
s i g n a l ,  o r  'g ive  p r i o r  warning o f '  t h e  onse t  o f  inclement  cond i t ions .  
Regular movements such a s  migra t ion  c l e a r l y  r e q u i r e  d i f f e r e n t  t r ea tmen t  
t o  t h a t  of s h o r t  d i s t ance  movements of  i n d i v i d u a l s  from non-migratory 
popula t ions ,  a s  i s  envisaged i n  t h i s  d i scuss ion  o f  d i s p e r s a l .  
The s imples t  d i s p e r s ~ l  s i t u a t i o n  t o  envisage would be t o  r e t u r n  t o  our  
seasona l  model and assume two h a b i t a t  types  of equal  food a v a i l a b i l i t i e s  
i n  'summer' but  d i f e r e n t  K maximum food i n  win te r .  K maximum would be  t h e  
same i n  'good' w in te r s  i n  both a r e a s  but  t h e  'good' f l u c t u a t e s  l i t t l e  i n  
bad yea r s ,  say 20$, h3ereas t h e  'poor1  a rea  f l u c t u a t e s  a  l o t  ( s ay  80%). 
We could use t h e  seasona l  model t o  e s t a b l i s h  equ i l ib r ium c o n d i t i o n s  f o r  
both l n  t h e  absence of dispersal, and then l i n k  t h e  two s i m u l a t i o n s  and 
look a t  ( i )  the  l l ndea  equi l ibr ium i n  'good' h a b i t a t  ( i i )  t h e  l i nked  
equi l ibr rum i n  ' b a d '  h a b l t a t  (ili) t h e  o v e r a l l  equ i l ib r ium c o n d i t i o n s  
r e l a t i v e  t o  t h e  sum of t h e  separa ted  s i t u a t i o n s .  The s imula t ions  could be  
l inked  along t h e  l i n e s  snown i n  Fig.  15; t h e  f lowchart  o f  F igure  15 is 
w r i t t e n  p r i n c i p a l l y  f o r  CONTEST competi t ion,  f o r  which t h e  p rocess  is 
more obvious. I do not  suggest  t h a t  t h e  f lowchart  of Fig. 15 is a n  i d e a l  
way, f a r  l e s s  t h e  oniy way, of programming such a  d i s p e r s a l  model, bu t  
cons ide ra t ion  of t h i s  f lowchart  po in t s  t o  some of t h e  p o s s i b i l i t i e s  and 
p i t f a l l s .  For example ( s e e  numbers on Fig .  15):- 
i. We may assume t h a t  d i s p e r s a l  i n c u r s  some c o s t ,  and could  account  
f o r  t h i s  by assua ing  t h a t  a  propor t ion  o f  d i s p e r s e r s  l o s e  weight 
during d i s p e r s a i  (due t o  d i f f i c u l t i e s  of f ind ing  food i n  u n f a m i l i a r  
and o f t e n  poorer a r e a s ) .  This propor t ion  could be v a r i e d  i n  
d i f f e r e n t  runs  of  t h e  program. 
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ii. It is poss ib le ,  though un l ike ly ,  t h a t  high ranking i n d i v i d u a l s  might 
be  obliged t o  d i spe r se  from e i t h e r  a r e a ,  bu t ,  depending on 
cond i t ions  i n  t h e  o t h e r  area they might be b e t t e r  o f f  i n  t h e  area 
from which they had come. It seems f a i r  t o  assume t h a t  t h e  b e s t  
immediate prospects  f o r  an i n d i v i d u a l ,  i f  it is above t h e  ' c r i t i c a l  
rank '  i n  both a r e a s  would be t o  s e t t l e  i n  t h e  popula t ion  wi th  t h e  
lower c r i t i c a l  rank, a s  it is then more l i k e l y  t o  mainta in  its 
-
p o s i t i o n  above t h e  c r i t i c a l  l e v e l .  It could presumably estimate t h e  
c r i t i c a l  l e v e l ,  and the  frequency d i s t r i b u t i o n  of t h e  classes 
(which could i n d i c a t e  longer term s u i t a b i l i t y  o f  t h e  h a b i t a t ? )  
through i n t e r a c t i o n s  wi th  ' r e s i d e n t 4  i n d i v i d u a l s  i n  t h e  h a b i t a t .  
iii. It seems c l e a r  t h a t  a d i s p e r s e r  who i s  above t h e  c r i t i c a l  rank i n  
any h a b i t a t  should s e t t l e  i n  one of these  ( p r e f e r a b l y  t h e  * b e s t s )  
bu t  it i s  l e s s  c l e a r  what a d i s p e r s e r  who is  a t  about  t h e  cr i t ical  
rank i n  the  lower of t h e  two should do. It seems l i k e l y  however 
first t n a t  i t  would do bes t  t o  s e t t l e  i n  t h a t  area whose cr i t ical  
rank is c l o s e s t  above it and second t h a t  t h e r e  would be some 
u n c e r t a i n t y  about  both i ts  own rank and its e s t i m a t i o n  o f  t h e  
l e v e l s  of the  popula t ions '  c r i t i c a l  ranks. Accordingly t h e  
( i n t e g e r )  c l a s s  i n e q u a l i t i e s  ( see  111s i n  Fig.  15) could  we l l  be 
replaced by >=. 
i v .  The immediate prospects  f o r  a d i s p e r s e r  below t h e  c r i t i c a l  rank i n  
both a r e a s  a r e  poor [ i t  i s  bound t o  l o s e  weight and may s t a r v e )  
and, i n  theory ,  i t  should s e t t l e  i n  t h e  a r e a  l i k e l y  t o  g i v e  it t h e  
b e t t e r  prospects  of ga in ing  weight i n  t h e  f u t u r e  i f  it does 
survive .  However, un les s  we endow our hypo the t i ca l  animals  with an 
inhe ren t  a b i l i t y  t o  a s s e s s  h a b i t a t  q u a l i t y  per i t  is n o t  c l e a r  
t h a t  they could r e l i a b l y  assess t h i s .  The flow c h a r t  of Fig. 15 
ignores  t h i s  complexity, and s e t t l e s  them a t  random ( i n  p ropor t ion  
t o  t h e  a r e a s  of each h a b i t a t ) .  
One could envisage programming a s i m i l a r  s imula t ion  o f  d i s p e r s a l  f o r  
SCRAMBLE competi t ion,  but (i) it would be much l e s s  c l e a r  how many 
i n d i v i d u a l s  should d i spe r se  and from which c l a s s e s ,  and (ii) how t o  
determine where they s e t t l e ,  a s  SCRAMBLE competition impl i e s  t h a t  t h e  
presence o f  - ANY e x t r a  i n d i v i d u a l s ,  ( i f  biomass of animals exceeds 
a v a i l a b l e  food), decreases weight maintenance prospects  f o r  ALL 
ind iv idua l s  of ALL c l a s s e s ,  inc luding themselves. This sugges t s  t h a t ,  i n  
populat ions where SCRAMBLE competition a p p l i e s ,  emigrat ion cos t -bene f i t s  
would be extremely complex and uncer ta in .  We might t h e r e f o r e  expect  t h a t  
it would only be of a c l e a r  advantage t o  i n d i v i d u a l s  i n  t h e  lowest 
category (who a r e  immediately doomed with high p r o b a b i l i t y  i f  t hey  s t a y )  
and even then only i f  t he  c o s t  o f  emigrat ion were sma l l  (2. i f  t h e  
prospects  of l o s i n g  weight during emigrat ion and before f ind ing  a more 
s u i t a b l e  a r e a  a r e  l e s s  than the  prospects  of l o s i n g  weight i n  t h e  p resen t  
a r e a ) .  
4.2.3 Habitat  d i f f e r e n c e s  a f f e c t i n g  b i r t h s  and deaths  
It would o f  course be s t r a igh t fo rward  t o  use d i f f e r e n t  g mat r i ces  t o  
r ep resen t  h a b i t a t s  o f  d i f f e r e n t  p roduc t iv i ty  ( f ecund i ty )  and m o r t a l i t y  
during t h e  'breeding'  season. 
4.3 Sex d i f f e r e n c e  
Differences between sexes can be r e a d i l y  incorporated i n t o  L e s l i e  Matrix 
models ( see ,  eg. Fig. 16a) by ass igning t r a n s f e r  p r o b a b i l i t i e s  t o  
a l t e r n a t e  rows and columns (eg .  so t h a t  every odd row/column r e p r e s e n t s  a 
male and every even row/column a female).  It would s i m i l a r l y  be  p o s s i b l e  
t o  so  ar range  the  t r a n s f e r  probabilities of t h e  ma t r i ces  t o  achieve 
t h i s .  The r a t i o n a l e  f o r  t h i s  l ayou t  i n  a L e s l i e  matr ix  is, presumably, 
t h a t  it keeps animals o f  t h e  same age i n  p a i r s  o f  rows, and age s t r u c t u r e  
i s  a prime goa l  of L e s l i e  matr ices .  It would however seem equa l ly  
acceptable  t o  put  a block of male va lues  toge the r ,  followed by a block of 
female va lues ,  as shown i n  Fig. 16b ( e i t h e r  lay-out would (presumably) 
Figures 16. Alternat ive schemes f o r  incorporatiny, sex d i f fe rences  i n t o  
n a t r i x  models. 1 
Figure 168, ( f ron  J e f f e r s ,  1970, quoting Willianson 1959) I 
llodel f o r  t h r e e  age c lasses  for  BOTH n a l e  and f ena l e  individuals  
with t h e  sexes i n  a l t e rna t e  posi t ions  on r o w s  and colunns. 1 
Survival and fecundity O I L Y .  
Figure 16b. Hodel of Weight Chanjies f o r  f i ve  weicht c l a s se s ,  with t h e  sexes 
wranced i n  blocks. ?ems not shown a r e  ZZnOs. 
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F i y r e  16c. Given t h e  lay-vat of F i c u e  165 above, and assunin5 thn- males 
nnd fena les  hnd equal n'mbers of na le  and f ena l e  offspr-ng, then 
t h e  & l a y  out l ined sub-natrices of Figure 16b could be x e a t e d  
a s  two separate  sub-natrices. 
Aisuuing t h e  sex-ratio of the  population wns not c h a n ~ i r . ~ ,  then 
t h e  eigen values of these two siib-satrices should be t1.f s m e  
(aliowing f o r  es t inat ior ,  e r ro r ) .  Tnis r , i ~ h t ,  i n  these circur?stmce, 
serve as  a usefu l  check of consistency f o r  both Les l ie  and 
'Condition' nodels. 
I .  t h e  fecundit:. t e r n s  B and 1, wouid need doubling t o  include 
those ' e f fec t ive ly  f ron '  R ' ,  b' give11 +,fie notat ion of F i p r e  16b. 
have t h e  same e igenvalue) .  I n  t h e  p resen t  context  t h e  lay-out o f  Fig.  16a 
might be more appropr i a t e  i f  t h e r e  was no sexual  dimcrphisluin s i z e .  The 
a lgor i thms f o r  CONTEST and SCRAMBLE competition would then only need 
modifying t o  work on a l t e r n a t e  columns ( i e .  f i r s t  males, then females)  
f o r  t r a n s f e r s .  It i s  l e s s  c l e a r ,  however, how t h e  c r i t i c a l  t h resho ld  
would be defined f o r  CONTEST competition: presumably t h e r e  should be a 
l e v e l  f o r  each sex ,  a deduction which r a i s e s  two p o i n t s  i n  r e l a t i o n  t o  
sexua l ly  dimorphic spec ies .  F i r s t ,  do the  outcomes o f  c o n t e s t s  between 
i n d i v i d u a l s  of d i f f e r e n t  sexes depend l a r g e l y  on t h e i r  wei@t 
i r r e s p e c t i v e  of t h e i r  sex  and, second, i f  we a r e  modelling sex  
d i f f e r e n c e s ,  does the  outcome o f  a  c o n t e s t  of a  pa i red  i n d i v i d u a l  depend 
s o l e l y  on its own rank and t h a t  of i t s  opponent, o r  do t h e  ranks  o f  t h e i r  
r e spec t ive  mates a f f e c t  the  oucome? For example S c o t t  (1979) has shown 
t h a t  the  ranks  o f  both b i r d s  i n  p a i r s  of Bewick's swans a f f e c t  not  only 
t h e i r  own c o n t e s t s ,  but  a l s o  those  of t h e i r  cygnets when the  f a m i l i e s  a r e  
together  i n  winter  f locks .  Such f a c t o r s  would r e q u i r e  more complex 
s t r u c t u r i n g  of t h e  - P t r a n s i t i o n  matr ix  and the  competi t ion a lgor i thms,  
along the  l i n e s  suggested below f o r  g e n e t i c  f a c t o r s .  
4 Genetic d i f f e rences  between i n d i v i d u a l s  
It i s  we l l  known from population g e n e t i c s  theory  t h a t  d i f f e r e n t  genotypes 
possessed of d i f f e r e n t  f e c u n d i t i e s ,  m o r t a l i t i e s ,  mating preference  and 
h a b i t a t  preference can lead  t o  the  maintenance of s t a b l e  polymorphisms. 
These cons ide ra t ions  a r e  l a r g e l y  ignored by populat ions dynamics theory ,  
and o f t e n  i n  p r a c t i c e  as well .  There is however, p a r t i c u l a r l y  f o r  p l a n t s ,  
evidence f o r  g e n e t i c  ' ecotypes l  t h a t  a r e  more c l o s e l y  adapted t o  
p a r t i c u l a r  environments, and f o r  v e r t e b r a t e s  a  few s t u d i e s  t h a t  r e l a t e  
f i t n e s s  parameters ( m o r t a l i t y ,  fecundi ty ,  growth, d i s p e r s a l  h a b i t s )  t o  
g e n e t i c  marker a l l e l e s  (al lozymes),  ( f o r  example: Myers & Krebs 1974, 
Bacon 1980, Evans 1981). 
The present  populat ion model, being a compartment model, could permit 
i n c l u s i o n  of i n d i v i d u a l s  of d i f f e r e n t  genotypes, as descr ibed  above f o r  
sex  d i f f e rences .  Each weight c l a s s  would be  sub-divided i n t o  G genotypes, 
arranged i n  a s tandard  o rde r ,  with d i f f e r i n g  p r o b a b i l i t i e s  o f  weight 
change and d i f f e r e n t  fecundi ty  values.  Such a s t r u c t u r e  imposes t h e  
r e s t r i c t i o n s  t h a t  these  t r a n s f e r  p r o b a b i l i t i e s  must be arranged so that 
any change mainta ins  t h e  genotype of t h e  i n d i v i d u a l  ( i e .  I n  Fig .  l 7 a  t h e  
-
va lues  are i n  such p o s i t i o n s  t h a t  an SS i n d i v i d u a l  i n  c l a s s  2 changes f o r  
-
example, t o  r ep resen t  an i n d i v i d u a l  i n  c l a s s  3 NOT an SF o r  
-
i n d i v i d u a l  i n  c l a s s  3,  o r  i n  any o t h e r  c l a s s ,  a s  i l l u s t r a t e d ) .  
This  s t r u c t u r e  w i l l  cope w i t h  growth and m o r t a l i t y ,  but an a d d i t i o n a l  
sub-routine w i l l  be needed f o r  fecundi ty  a s  t h e  average number of 
o f f s p r i n g  produced by i n d i v i d u a l s  o f  a given genotype w i l l  vary  depending 
on t h e  r e l a t i v e  f requencies  of t h e  genotypes o f  t h e i r  mates, even i n  a 
random mating populat ion.  
If mating is non-random t h e  requi red  s t r u c t u r e  becomes much more complex. 
F i r s t ,  we must in t roduce  a complex sub-routine t o  produce s u i t a b l e  
f requencies  o f  t h e  d i f f e r e n t  p a i r s  (non-random mating w i l l  impose a 
sexua l  g e n e t i c  sub- s t ruc tu re )  and second, we a r e  forced t o  e x p l i c i t y  
recognise ,  and incorpora te  i n t o  the  model, the  f a c t  t h a t  f e c u n d i t i e s  a r e ,  
f o r  such s p e c i e s ,  l i k e l y  t o  be a funct ion  of a t t r i b u t e s  of t h e  p a i r  no t  
j u s t  the  sum of t h e  e f f e c t s  of each ind iv idua l  ( i e .  t h e  genotype of 
i n d i v i d u a l s  have s y n e r g i s t i c  e f f e c t s  on t h e  fecundi ty  of t h e i r  mates, 
t h e s e  e f f e c t s  varying with the  mate's genotype; s e e  Fig. 18) .  
We may perhaps conclude here  that while  many a s p e c t s  of such a process  
could be convenient ly summarised i n  a - P matr ix  a s  shown i n  Fig .  18, t h e  
whole process cannot usua l ly  be s o  summarised. Accordingly a more 
convenient s t r u c t u r e  might be t o  r ep resen t  the  elements of Fig. 18 as 
sepa ra te  ma t r i ces  l inked by appropr i a t e  sequences of a lgor i thms,  and 
recognise  t h a t  t h e  model i s  now much c l o s e r  t o  a complex s imula t ion  model 
than t o  a s imple matr ix  model. 
Figure 17. The f igure  i l l u s t r a t e s  how Growth, Mortality and Competition could 
be f i t t e d  in to  a matrix fornat f o r  a nodel of population dynanics 
incorporating genetic differences between individuals.  The genetic 
types a r e  expressed i n  terms of marker a l l e l e s  2 and 2 a t  a co- 
do&nant Ifendelian locus. 
?he fecundity te rns  a r e  shown ns *, because t h e  production of 
off spring of a par t icu la r  genotype, even given random mating, 
depends not only on t h e  numbers of one genotype but a l s o  on 
the  numbers of other genotypes f o r  mating. Accordingly it would 
be essen t ia l  i n  any such model t o  have a separate sub-routine 
f o r  'Bir ths ' .  
FIG. 17 
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Figure 18. The f igure  i l l u s t r a t e s  how growth, mortal i ty  and competition could 
be incorporated i n t o  a matrix s t ruc ture  and include ( i )  sex differex 
(ii) genotypic differences and ( i i i )  a soc i a l  system where t h e  out- 
come of contests  depended on t h e  combined a t t r i b u t e s  (Condition, 
m i r e d  s t a tu s  and genotype) of paired individuals.  
The matrix sections labe l led  'Immatures' and 'non-breeders' would 
be d i f fe ren t ia ted  according t o  ( a )  sex and (b)  genotype and would 
consis t  of sub-elements with t e r n s  on t h e  diagonals of each sub- 
element Only t o  preserve sex and genotype during t r ans i t i ons ,  as 
shown i n  Figure 17. 
The matrix sections l abe l l ed  'Pairs '  would correspond t o  conbination 
of male and female genotypes i n  pa i r s  and categorised according t o  
t h e i r  combined weight/status. 
Imm. = ~mrnatures 
Nan-br = non-breeders 
* Fecund~ ty  requlre spelal 
#Take mates s u b - r o u t ~ n e s  
As i n  F i w e  17,  fecundi t ies  and breeding require  species treatment. 
In  t h i s  instance the  moot appropriate treatment would be a sub- 
rout ine t o  allow appropriate m a t i n ~ s  t o  ' take place ' ,  d c s e n d i n ~  
on t h e  frequencies of po ten t ia l  nates  of d i f fe ren t  genot2nes and 
any genotypic nat ing preferences. Thereafter, fecundi t les  could 
be assigned as  proportions of overa l l  nverage f n n i l y  s i z e  a s  
d ic ta ted  by c l a s s i c  14endelian r a t i o s .  
A species case is  introduced by deaths within pa i r s ,  where t h e  
death of one paired member creates  a vidow/widower: t h i s  can be 
accounted f o r  as s110wn. 
4.5 Energet ics  and resource a l l o c a t i o n  
4.5.1 Energet ics  
I n  previous  s e c t i o n s  dea l ing  wi th  cons t ra ined  populat ion growth we have 
considered t h e  populat ion t o  be l i m i t e d  with r e s p e c t  t o  environmental ly 
a v a i l a b l e  food and have enumerated t h i s  l i m i t a t i o n  i n  terms o f  ' equ iva len t  
animal biomass r ra in ta inable  by food r e s o u r c e s ' ,  K.biomass. We f u r t h e r  
made the  s impl l fy lng  zssumption t h a t  t h e  energy from one u n i t  o f  food 
would maintain 0r.e un i t  of body mass i r r e s p e c t i v e  o f  body s i z e ,  whereas 
metabolic r a t e  v a r l e s  loga r i thmica l ly  with s i z e  ( s e e ,  eg. Southwood 
1981), t r a n s p o r t  energy requirements ,  and hence foraging  c o s t s ,  w i l l  a l s o  
vary with s i z e  znd the  energy requirements of producing o f f s p r i n g  w i l l  
obviously vary with the  number, and s i z e ,  of o f f s p r i n g  produced. There 
a r e  good grounds the re fo re  f o r  enumerating our l i m i t a t i o n  i n  u n i t s  o f  
energy r a t h e r  t h i n  b iozass ,  and we can envisage doing t h i s  as shown i n  
Table 5. J u s t  a s  we can envisage a t y p i c a l  weight f o r  members o f  classes 
lC, so we can e c ~ i s a g e  t y p i c a l  energy requirements f o r  mainta in ing  those  
weights under 'field' cond i t ions ,  a s  shown i n  the  column headed 5 i n  
Table 5. These erergy requirements could c l e a r l y  be used, i n  combination 
with a  value f g r  ' Z o t i l  energy a v a i l a b l e  from h a b i t a t ' ,  say  K.energy, as 
a b a s i s  f o r  l i m i t i n g  the  popula t ion ,  i n  a  manner d i r e c t l y  analagous  t o  
t h e  models of s e c t i o n s  3.3 t o  3.5 (and the  p rogram LOMNOC.BAS, 
LOMU03.BAS and LO3SR2.BAS). Such a model would r e t a i n  t h e  assumption t h a t  
t h e  l i m i t i n g  f a c t o r ,  nou energy, was no t  l i m i t i n g  dur ing  t h e  per iod  of 
o f f sp r ing  production and, accordingly,  t he  fecundi ty  va lues  would no t  
vary with populat ion s i z e .  
4.5.2 Fecundity l imi t ed  by e n e r g e t i c s  
Contrary t o  the  aoove s i z p l i f y i n g  assumption it would, f o r  many s p e c i e s ,  
be  more r e a l i s t i c  t o  assume t h a t  energy requirements may limit t h e  number 
o f  o f f sp r ing  t h a t  an ind iv idua l ,  or  p a i r ,  can produce ( a t  some de f ined  
s t a g e ,  such as egg laylng  i n  i n s e c t s ,  egg l ay ing  o r  f l edg ing  i n  b i r d s ,  
b i r t h  o r  weaning i n  mammals). The energy budget f o r  r e a r i n g  o f f s p r i n g  
TABLE 5: The t a b l e  i l l u s t r a t e s  how energy requirements f o r  body mintenance,  
El, and reproduction, E2, could be assigned t o  individuals  of each 
c l a s s ,  1-5, having weights t yp i ca l  of t h e i r  c l a s s  ( i e .  within t h e  
c l a s s  l i m i t s ) .  
The overa l l  e n e r e  requirements, E3, could be used t o  constra in  
population growth i n  a manner analagous t o  t h e  use of t h e  'biomass 
linit '  (K.biomss) of t h e  previous examples. Different  pa r t i t i on ing  
of t h i s  energy need (body growth and maintenance versus reproduction) 
could be investigated t o  determine 'optimal' par t i t ioninf ,  i n  defined 
circumstances. 
Energy Energy 
Typical required 
CLASS 
required Total  
body f o r  Typical fo r  rear ing  energy 
110. weight naintenanc e f ecundities offspring needs 
2. 5.5 l l o  0 0 l l o  
3 6.0 l l 5  0 0 11 5 
4 7.0 130 4.5 4 5 175 
5 8.5 150 5.5 60 210 
could be drawn up a s  i n  Table 5, which recognises (column t h a t  t h e  
c o s t  of producing a d d i t i o n a l  o f f s p r i n g  may be g r e a t e r  than t h e  c o s t  o f  
producing t h e  i n i t i a l  ones (due t o  increased  foraging d i s t a n c e s ,  e t c . ) .  
We may now t h i n k  of extending the  model i n  terms of Resource a l l o c a t i o n .  
I n  r e l a t i o n  t o  our seasonal  model ( s e c t i o n  4 .1)  we envisage t h e  classes 
o f  the  matr ices  a s  r ep resen t ing  d i f f e r i n g  amounts o f  energy t h a t  
, 
i n d i v i d u a l s  can expect t o  monopolise, e i t h e r  by accumulat ing t h e s e  
resources  wi th in  themselves ( f a t ,  eggs,  e t c . )  o r  by defending t e r r i t o r i e s  
t h a t  con ta in  t h a t  amount of energy resource.  Extending t h e  model f u r t h e r  
along these  l i n e s ,  we should be a b l e  t o  address  t h e  problem of 
energy/resource p a r t i t i o n i n g .  Within phys io logica l  l i m i t s ,  an i n d i v i d u a l  
having access  t o  a s e t  l i m i t e d  amount of resource can use  it f o r  two 
b a s i c  purposes, growth o r  reproduction.  Lack (1954) and P e r r i n s  f l o c .  
c i t . )  argue convincingly t h a t  the  c l u t c h  s i z e  of a s p e c i e s  should be 
se lec ted  t o  t h a t  which, on average,  leaves  the  most su rv iv ing  o f f s p r i n g .  
i t  is  widely recognised however t h a t ,  given seasonal  v a r i a t i o n ,  age and 
condi t ion  dependent m o r t a l i t i e s ,  h a b i t a t  and i n d i v i d u a l  v a r i a b i l i t y ,  t h e  
optimal  choice of p a r t i t i o n i n g  f o r  an ind iv idua l  i s  f a r  from c l e a r ,  
p a r t i c u l a r l y  i f  r e a r i n g  many o f f s p r i n g  decreases  the  pa ren t s '  cond i t ion  
and s u r v i v a l  prospects .  Hence, i f  wi th in  our 'Resource monopolisat ion '  
c l a s s e s  we assume seve ra l  d i f f e r e n t  types of p a r t i t i o n i n g  s t r a t e g y  
(growth vs. reproduct ion)  and a s s i g n  t o  these  r e a l i s t i c  va lues  of 
h e r i t a b i l i t y ,  we could i n v e s t i g a t e  not  only the  optimal  ' c l u t c h '  s i z e  i n  
d i f f e r e n t  circumstances but a l s o  the  e f f e c t s  of d i f f e r e n t  amounts of 
( seasona l )  environmental v a r i a t i o n  on the  expected var iance  of c l u t c h  
s i z e  (we would r equ i re  a d d i t i o n a l  sub-routines t o  cope with t h e  
complexi t ies  of periods of pa ren ta l  c a r e ) .  There is one important  
p r a c t i c a l  d i f f e rence  between t h i s  suggest ion and t h e  seasona l  cond i t ion  
model of s e c t i o n  4.1, namely t h a t  food a v a i l a b i l i t y  (K.biomass) i s  
I no to r ious ly  hard t o  es t imate .  Energy usage can ,  on t h e  o t h e r  hand, be measured accu-ately (Bryant)  though the  techniques a r e  f a i r l y  complex. 
While i t  would a l s o  be very d i f f i c u l t  t o  e s t ima te  'energy a v a i l a b i l i t y '  
i t  may be poss ib le ,  by experimental  manipulat ions,  t o  e s t i m a t e  t h e  
inc reas ing  energy c o s t s ,  and net  energy ga in ,  t o  broods o f  d i f f e r i n g  
s i z e s ,  eg. Figure 19 .  
Figure 19. The Figure i l l u s t r a t e s  t h e  way i n  which Total Ut i l i sed  energy 
might change depending on the  s i ze  of brood being reared by a 
breeding pa i r .  
Adult basal  netabolisn w i l l  s t ay  roughly constant,  but adult 
t r ave l l i ng  energy will increase a s  brood s i z e  increases,  a s  
more and fu r the r  foraging t r i p s  w i l l  be required t o  provision 
t h e  brood. 
h e r g y  u t i l i s e d  by t h e  brood w i l l  r i s e  with brood s i ze ,  but 
as brood s i z e  exceeds t h a t  with which adul t s  can r ead i ly  cope 
t h e  u t i l i s e d  energy w i l l  drop of f  below t h e  idea l i s ed  offspr ing 
DLTWID, which would be l i n e a r  with brood s ize .  
Accordingly, a curve could be constructed (Ut i l i s ed )  of t h e  
t o t a l  e n e r a  t h e  f an i ly  was able  t o  u t i l i s e .  The o p t 7 3  t reeding 
s t ra tegy  is  a trade-off between Brood s i ze ,  energy c o s t s  arrC 
survival prospects f o r  brood and adul ts .  
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4.6 Disease and d e b i l i t a t i o n  
It has long been recognised t h a t  prey-predator and host-pathogen 
i n t e r a c t i o n s  Play important r o l e s  i n  the  populat ion dynamics of some 
s p e c i e s .  The types  of e f f e c t  produced by d i f f e r e n t  pathogens have 
r e c e n t l y  been i n v e s t i g a t e d  mathematical ly (eg .  Anderson & May 1979 a , b ) .  
I n  Sec t ion  4.7 I b r i e f l y  o u t l i n e  how a  prey-predator ' cond i t ion '  model 
could be devised whereas i n  t h i s  s e c t i o n  I suggest  a  means whereby t h e  
sub- l e tha l ,  o r  d e b i l i t a t i n g ,  e f f e c t s  o f  d i s e a s e s  might be i n v e s t i g a t e d .  
It is l o g i c a l  t o  d iv ide  t h e  hos t  popula t ion  i n t o  types ,  which is 
f a c i l i t a t e d  by t h e  s t r u c t u r e  o f  a compartment model. These t y p e s  would be  
( i )  hea l thy ,  uninfected i n d i v i d u a l s  ( i i )  i n f e c t e d  i n d i v i d u a l s  i ncuba t ing  
t h e  d i sease  (iii) in fec ted  and i n f e c t i o u s  i n d i v i d u a l s  showing symptoms o f  
d i s e a s e  and capable  of t ransmiss ion  ( i v )  immune i n d i v i d u a l s .  These 
d i v i s i o n s  a r e  s i m i l a r  t o  those  of  Anderson & May 1979a and can be 
i l l u s t r a t e d  a s  shown i n  Fig. 20 (compare t h i s  f i g u r e  wi th  Anderson 8 
May's (1979 a )  F ig .  3 ) .  
The d i f f e r e n t i a l  equat ions  used by Anderson & May 1979 t o  d e s c r i b e  t h e  
processes of Fig. 20 c a r r y  t h e  assumption t h a t  the  v a r i o u s  s t a g e s  t a k e  
p lace  i n  t h e  same (vanish ingly  small) u n i t  of  time, t h a t  t h e  e f f e c t s  a r e  
t h e  same f o r  a l l  members of an epidemiologica l  c l a s s ,  and t h a t  t h e  
per c a p i t a  b i r t h  r a t e  is t h e  same f o r  a l l  epidemiological  c l a s s e s .  
We i l l u s t r a t e  t h e  way a  compartment model could be s t r u c t u r e d  t o  d e s c r i b e  
epidemics i n  Figure 21. I n  both o f  t h e s e  diagrams t h e r e  is a n  i m p l i c i t  
assumption (which could be re laxed  by appropr i a t e  e x t r a  sub - rou t ines  
dur ing  s imula t ion )  t h a t  infection p r o b a b i l i t y  is independent  o f  h o s t  
d e n s i t y ,  but  we emphasise t h a t  t h i s  r e s t r i c t i o n  could e a s i l y  be r e l axed  
and a p p l i e s  only t o  t h e  ma t r i ces  shown i n  t h e  f i g u r e .  Both p a r t s  A and B 
of Fig.  21 assume a  s t r u c t u r e  f o r  uninfected popula t ions  as shown by t h e  
bold ly  ou t l ined  3 x  3 sub-matrix. I n  F ig .  21a we assume a  h y p o t h e t i c a l  
d i s e a s e  t h a t  i s  very d e b i l i t a t i n g ,  (over  a  v a r i a b l e  per iod  and w i t h  
v a r i a b l e  s e v e r i t y )  and a  n e g l i g i b l e  period o f  immunity. I n  F ig .  21a t h e  
p r o b a b i l i t i e s :  i . .  rep resen t  t h e  p r o b a b i l i t i e s  t h a t  i n d i v i d u a l s  from 1 J  

Figure 21n. D e b i l i t a t i n g  d i s e a s e  model wi th  Figure 21b. Immunity model wi th  p rogress ive  
p r o b a l i s t i c  recovery t o  'full recovery over a s e t  minimum per iod  
h e a l t h '  over a  v a r i a b l e  per iod  of  immunity, fo l lowed by reve r s ion  
o f  t i n e ,  i n c l u d i n ~  competi t ion t o  s u s c e p t i b i l i t y .  
e f f ~ c t s .  
FIG, 214 
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K E Y :  The l e t t g r c  within t h e  matr ices  r e f e r  t o  a r ray  elements o r  sub-matrices of t h e  mo(le1, depending on whether o r  
not t h e  modcl. is envisaged t o  be sub-structurfxl f o r  scxiinl o r  gene t i c  d i f f e rences .  " i n d i c a t e  s i m i l a r  concepts  
f o r  t h e  vr*l1it!(s) but  varying v a l u e s  i n  each cnric. 
t I  = ,lainta&l uei&ht 
G = Gain weight 
1, = Loose weight 
P, f ,  f f  = Fecundity terms i = i n f e c t i o n  prob. / function 
(see t e x t )  I = su rv iva l  t o  i n f e c t i o u s  prob. 
R = recovery from i n f e c t i o n  
r ,r ,r = condit ion maintenance/loss/gain 
a pro lmhi l i t i e s  during recovery 
X = r r v r r s i o n  t o  s u s c e p t i b i l i t y ,  ( o r  
' re rovrry  ' i n  Figure 21a).  
c l a s s  i w i l l  become in fec ted ;  t h e  p r o b a b i l i t y  I. t h a t  an in fec ted  
lj 
i n d i v i d u a l  w i l l  su rv ive  to  become i n f e c t i o u s ;  R . .  t h e  p r o b a b i l i t y  than an  
1 J 
i n f e c t e d  i n d i v i d u a l  w i l l  su rv ive  i n t o  a low weight c l a s s  of d e b i l i t a t e d  
su rv ivor s ;  r m ,  r g ,  r l ,  rm t h e  p r o b a b i l i t i e s  t h a t  d e b i l i t a t e d  s u r v i v o r s  
w i l l  su rv ive  - and maintain,  l o s e  o r  g a i n  weight ( t h e  d i s e a s e  may have made 
them more s u s c e p t i b l e  t o  o t h e r  i n f e c t i o n s ,  e t c . ) ,  and A . t h e  
13 
p r o b a b i l i t i e s  t h a t  recovering d e b i l i t a t e d  i n d i v i d u a l s  w i l l  recover 
completely. The f r ep resen t  f e c u n d i t i e s  of 'd i seased  and recover ing '  
i j 
i n d i v i d u a l s ,  with t h e  expecta t ion  t h a t  0 sf. <F f o r  a l l  ij .  
1j 
In Fig.  21b we assume another  hypo the t i ca l  d i sease  which is d e b i l i t a t i n g  
i n  i t s  i n i t i a l  s t a g e s ,  but has progress ive  recovery over  a f a i r l y  long 
period o f  immunity. The symbols a r e  as f o r  Fig.  21a, wi th  t h e  exceptions:  
r m ,  r g  and r l  a r e  omi t ted ,  a s  recovery is sys temat i c ;  t h e  3. .s r e p r e s e n t  
1.1 - 
t h e  s u r v i v a l  o f  immunes and, i n  t h e  form shown, impose a time delay 
between onse t  of immunity and reve r s ion  t o  s u s c e p t i b i l i t y  ( A  ); t h e  f .  s 
13 
and f f  . . s  rep resen t  f e c u n d i t i e s  w i t h  t he  expec ta t ions  0 <=f. <F and 
1 3  ij 
F> f f . .  =.F. 
L J  
The matr ix s t r u c t u r e s  shown i n  Fig.  21 would be adequate f o r  s imple 
purposes, al though the  algori thms f o r  CONTEST competi t ion would c l e a r l y  
b e  d i f f e r e n t ,  and would need t o  be s e p a r a t e l y  w r i t t e n  f o r  each such 
a p p l i c a t i o n  ( a s  t h e  'weights '  a r e  no longer i n  rank o r d e r  throughout t h e  
matr ix) .  It should be s t r e s s e d  he re  t h a t ,  f o r  t h e  example o f  F ig .  21b, 
CONTEST competition could a f f e c t  t h e  bas i c  dynamics between t h e  hos t  and 
pathogen. This  w i l l  occur when the  d i sease  d e b i l i t a t e s  i n d i v i d u a l s  t o  an 
e x t e n t  t h a t  they become very  low i n  t h e  s o c i a l  h i e ra rchy  and l i k e l y  t o  
l o s e  weight and s t a r v e :  i n  these  circumstances m o r t a l i t y  o f  immune 
i n d i v i d u a l s  would be increased ,  the  ex ten t  of t h i s  i n c r e a s e  depending on 
c u r r e n t  environmental f a c t o r s  a s  we l l  a s  h o s t  populat ion l e v e l .  
4.7 Prey-predator models 
The essence of prey-predator models is t o  w r i t e  two o r  more equa t ions  ( o r  
l i n k  two o r  more s imula t ion  r o u t i n e s )  such t h a t  one equat ion/s imula t ion  
desc r ibes  t h e  behaviour of  t h e  prey popula t ion ,  p r e f e r a b l y  i n  a  resource  
l i m i t i n g  environment and inco rpora t ing  t h e  e f f e c t s  of  p reda t ion  on t h e  
prey ,  whi le  t h e  second equat ion models t h e  behaviour o f  t h e  p reda to r  w i th  
t h e  r e s u l t s  from t h e  prey equat ion being used co d e s c r i b e  t h e  r e source  
(= food)  l i m i t a t i o n s  on t h e  predator  populat ion.  C l a s s i c a l l y  t h e r e  a r e  t h e  
prey-predator equat ions  due t o  Lotka and Vol t e r r a  and e l abora t ed  by 
L e s l i e  and o t h e r s  ( f o r  examples s e e  S n i t h  1971;) a d  some of t h e  
more complex e l a b o r a t i o n s  inc lude  age s t r u c t u r e d  popula t ions .  
I n  the  case  of  ' cond i t ion '  models it is c l e a r  t h a t  t h e  s imula t ions  
descr ibed  i n  s e c t i o n s  3.4 and 3.5 could be used t o  d e s c r i b e  t h e  behaviour 
of a  'p rey '  s p e c i e s  i n  a  r ssource  l i m i t i n g  environment and t h e  ou tpu t s  of  
t h i s  used t o  i n d i c a t e  t h e  prey r e sources  a v a i l a b l e  t o  t h e  p reda to r .  A 
predat ion  subrou t ine  could then be added t o  account f o r  t h e  i n t e r a c t i o n s ,  
and such a subrou t ine  should:- 
i. al low p r e f e r e n t i a l  predat ion  by t h e  p reda to r s  on t h e  l e s s  fit 
c l a s s e s  of t h e  prey populat ion 
ii. f o r  a  mobile predator  use a  ' c a t ch  per u n i t  e f f o r t '  curve t o  a s s e s s  
n e t  weight g a i n s / l o s s e s  t o  predators  a t  d i f f e r e n t  prey  d e n s i t i e s  
due t o  d i f f e r e n t  searching  e f f o r t s  requi red  t o  f i n d  prey  a t  t hose  
d e n s i t i e s .  
5.1 F a c i l i t i e s  f o r  ' c a p t i v e '  experiments 
The model relies on having f requent  weighings o f  i d e n t i f i a b l e  i n d i v i d u a l s  
i n  r e l a t i o n  t o  a known food supply. For these  reasons  it would be 
e f f i c a c i o u s  t o  monitor a ' l abora to ry '  o r  confined populat ion which r e l i e d  
on food suppl ied  by the  experimenter .  Such an approach would not  only  
allow t h e  experimenter t o  know (es t ima te  a c c u r a t e l y )  K.biomass, but  a l s o  
t o  vary t h e  a c t u a l  l e v e l s  of K.biomass, corresponding t o  seasona l  
changes, and record t h e  e f f e c t s  of t h i s .  It i s  important  t o  no te  t h a t  
such an approach would enable t h e  experimenter t o  de te rmine the  v a l u e s  o f  
t h e  - P matr ix (probabilities and p r o d u c t i v i t i e s )  f o r  a popula t ion  having 
super-abundant food, a s  the  model envisages ,  and then t o  observe t h e  
e f f e c t s  on numbers and condi t ion  a s  t h e  populat ion approached c a r r y i n g  
capac l ty  and competi t ion Degan t o  have a l a r g e  e f f e c t .  
The assumptions of t h e  model could be t e s t e d  by observing compet i t ive  
i n t e r a c t i o n s ,  and i ts  p red ic t ions  by comparing weight d i s t r i b u t i o n s  and 
weight/age d i s t r i b u t i o n s .  
5.2 F ie ld  experiments 
Laboratory t e s t s  a s  ou t l ined  above a r e  convenient ,  bu t  run t h e  r i s k  o f  
being done under abnormal condi t ions  where important  n a t u r a l  r e g u l a t o r y  
mechanisms may not opera te  c o r r e c t l y .  While it is easy  t o  envisage a 
f i e l d  study t h a t  could es t imate  the  va lues  requi red  f o r  t h e  P mat r ix  
(choice  o f  s u i t a b l e  study spec ies  would be impor tant )  i t  must be 
recognised t h a t  such vzlues would o f t en  r e f e r  t o  a popula t ion  a l r e a d y  
l i m i t e d  by competi t ion:  accordingly,  t he  e f f e c t s  o f  t h e  ' compet i t ion1 
a lgor i thm would be g r e a t l y  underest imated,  as much of t h e i r  e f f e c t  would 
be hidden i n  t h e  ' p r o b a b i l i t i e s  o f  random weight l o s s '  va lues  i n  t h e  P 
matrix.  
It is l i k e l y ,  however, t h a t  s u i t a b l e  f i e l d  experiments could be devised 
f o r  some spec ie s .  These would, i d e a l l y ,  involve t h e  use of l a r g e  
enc losu res  ( t o  prevent immigration from obscuring t h e  r e s u l t s )  p lus  
'removal '  and 'supplementary feeding '  experiments.  The former would be 
undertaken t o  reduce t h e  populat ion l e v e l  t o  well  below K ,  t h u s  a l lowing 
e s t i m a t e s  of t h e  - P va lues  t o  be made as t h e  populat ion recovered towards 
K .  The l a t te r  would al low s i m i l a r  es t imat ion  of  g va lues  a s  t h e  
populat ion rose  from t h e  ' n a t u r a l '  K t o  t h e  'K-supplement' l e v e l  and 
would a l s o  permit monitoring of t h e  seve re  competi t ion t h a t  would r e s u l t  
when t h e  food supplement was c u r t a i l e d .  
5.3 'Natura l '  f i e l d  d a t a  
It  would be p e r f e c t l y  poss ib l e  t o  cons t ruc t  a  populat ion model based on P 
vaiues  est imated d i r e c t  from f i e l d  da ta  b u t ,  a s  explained above, such 
procedure would very l i ~ e l y  g r o s s l y  underest imate t h e  e f f e c t s  of 
c o n > e t i t i o n  unless  it were poss lb l e  t o  determine wnether d e a t h s  and/or  
welght l o s s e s  were due t o  ( i )  chance f a c t o r s  o r  (ii) compet i t ive  
exclusion.  Such discrimination seems o p t i m i s t i c ,  bu t  might be poss ib l e  
f o r  some spec ie s :  f o r  example Krebs (eg.  Myers h Krebs, l o c .  c i t . ) ,  
nave snown t h a t  t h e  frequency of 'rump-wounding', caused by aggres s ive  
c o n f l i c t s ,  r i s e s  i n  high d e n s i t y  v o l e  popula t ions  and it might be p o s s i b l e  
t o  use such s c a r s  a s  i n d i c a t o r s  of 'chance'  versus  ' compet i t ive '  causes  
of welght l o s s  and s t a r v a t i o n .  
5.4 Algebraic  and s e n s i t i v i t y  a n a l y s i s  
While these  models use ma t r i ces  f o r  convenience it must be clearp; 
understood t h a t  t h e  processes involved a r e  not descr ibed  by s tandard  
mathematical mat r ix  opera t ions  only, a t  l e a s t  when popula t ion  growth is 
cons t ra ined  by competi t ion.  However, a lgeb ra i c  a n a l y s i s  of s i m i l a r  
complex models based on ma t r i ces  have been en l igh ten ing ,  p a r t i c u l a r l y  
when done i n  concor t  K i t h  s imula t ion  and sens:tivit:; a n a l y s i s  ( s e e ,  eg. 
t h e  review by Usher 1972).  
I suspect  t h a t  a l g e b r a i c  a n a l y s i s  could g ive  some i n s i g h t  t o  t h e  
advantages and p i t f a l l s  o f  t h e  c u r r e n t  models, though it would r e q u i r e  a  
mathematical e x p e r t i s e  which I do not  pe r sona l ly  have. I would f u r t h e r  
suggest  t h a t  a  p a r t i c u l a r l y  i n p o r t a n t  a s p e c t  f o r  such a n  a l g e b r a i c  s tudy 
would be t h e  i n t e r a c t i o n  o f  terms o f  d i f f e r e n t  r e l a t i v e  magnitudes 
between and alcng t h e  t h r e e  d iagonals  o f  t h e  P matr ix .  It would be 
- 
appropr i a t e  at  t h i s  poin t  t o  mention t h a t  t h e  p r o b a b i l i t y  va lues  used on 
t h e  d iagonals  o f  t h e  example da ta  ma t r i ces  f o r  t h i s  paper were chosen 
a f t e r  some c a r e f u l  thought. It would c l e a r l y  be p o s s i b l e  t o  i n s e r t  
(mathematical) va lues  t h a t  would promote i n s t a b i l i t y  r a t h e r  than 
s t a b i l i t y .  I n  most cases  s t a b i l i t y  would be more ' d e s i r a b l e 1  e c o l o g i c a l l y  
and it would be most i n t e r e s t i n g  t o  compare t h e  s t r u c t u r e s  o f  P mat r i ces  
es t imated  from f i e l d  d a t a  with those which, mathematical ly,  g ive  g r e a t e r  
s t a b i l i t y  and r e s i l i e n c e .  I suspect  these  r u l e s  might be f a i r l y  s imple,  
a s  t h e  example da ta  s e t  used here represented  my f i r s t  a t tempt  a t  
invent ing  a  s u i t a b l e  arrangement and it did  no t  produce wi ld ly  
u n r e a l i s t i c  r e s u l t s .  
S e n s i t i v i t y  a n a l y s i s  of such models would c l e a r l y  be d e s i r a b l e ,  i n  
p a r t i c u l a r  t o  i n v e s t i g a t e  the  e f f e c t s  of minor v a r i a t i o n s  i n  t h e  'weight 
change' p r o b a b i l i t i e s  and the  fecundity values.  This  should be done both 
i n  r e l a t i o n  t o  v a r i a t i o n s  i n  abso lu te  va lues  and t h e  r e l a t i v e  s t r u c t u r e s  
o f  those values.  However, i n  view of the  g r e a t  p l e t h o r a  o f  va lues  and 
s t r u c t u r e s  t h a t  could be t h e o r e t i c a l l y  envisaged I do not  t h i n k  such 
i n v e s t i g a t i o n  could use fu l ly  be c a r r i e d  ou t  wi thout  some 'first o r d e r 1  
approximations t o  a c t u a l  va lues  der ived  from f i e l d  da ta .  
ch.2 A b r i e f  h i s t o r i c a l  survey of  mathematical models of popula t ion  
dynamics i s  g iven ,  inc luding  d i f f e r e n t i a l  equa t ions ,  d i f f e r e n c e  
equat ions  and Les l i e s  matrices. It i s  suggested t h a t  a  fundamental 
f law i n  these  approaches is t h e i r  i m p l i c i t  assumption t h a t  a l l  
Ind iv idua l s  i n  a  populat ion a r e  phenotypica l ly  i d e n t i c a l .  
Lomnicki's f i n d i n g s  t h a t  populat ion dynamlcs can be g r e a t l y  
a f f e c t e d  b) i nd iv idua l  d i f f e r e n c e s ,  h a b i t a t  he t e rogene i ty  and 
s o c i a l  h i e r a r c h i e s  a r e  s t r e s s e d .  The s p a r s i t y  of  d a t a  used i n  many 
populat ion dynamics models i s  commented on (eg .  models ' v a l i d a t e d t  
by comparing observed and model p r e d i c t i o n s  of t ime-ser ies  o f  
numbers on ly )  ana t h e  quest ion is r a i s e d  a s  t o  wnetner such s im?le 
comparisons w i l l  permit d i sc r imina t ion  between equa l ly  'good' (9 r  
equa l ly  ' p o o r ' ! )  models. 
ch.3 A model of  populat ion dynamics based on numbers of i n d i v i d u a l s  i n  
d i f f e r e n t  ' cond i t ion '  c l a s s e s  i s  developed. It  i s  assumed t h a t  body 
weight,  ' c o n d i t i o n 1 ,  s o c i a l  dooinance and fecundi ty  w i l l  vary 
between t h e  c l a s s e s  and, i n  t hese  simple i n i t i a l  models, t h a t  
dominant i n d i v i d u a l s  w i l l  be i n  'good c o n d i t i o n ' ,  have h igher  body 
weights and higher  f e c u n d i t i e s .  In  d i s c r e t e  u n i t s  of  t ime 
i n d i v i d u a l s  may: (i) e i t h e r  d i e ,  s t a r v e ,  l o s e  weight,  main ta in  
weight,  ga in  weight and ( i i )  reproduce wi th  vary ing  f e c u n d i t i e s .  
These assumptions lead  t o  s t a b l e  r a t i o s  of 'Numbers per  Weight 
C las s '  i n  t h e  populat ion;  except  f o r  an uns table  equ i l ib r ium,  t h e  
populat ion s i z e  i n c r e a s e s  o r  decreases  exponen t i a l ly .  
The above model is modified t o  inc lude  two a lgor i thms t h a t  r e g u l a t e  
t h e  populat ion Dy competi t ion f o r  l imi t ed  food r e sources ,  KF. ~h~ 
two a lgor i thms correspond t o  the  concepts of 'ScramSle' and 
'Contes t '  competition f o r  r e sources .  These algoritrirns a r e  based on 
b i o l o g i c a l l y  l i k e l y  assumptions and do not depena on mathematical ly 
a r b i t r a r y  formulae f o r  dens i ty  dependent changes i n  fecundi ty  o r  
m o r t a l i t y .  It i s  shown t h a t  these  new models o f  populat ion growth 
i n  a  c o n s t r a i n i w  environment (food is l i m i t e d )  l ead  t o  s t a b l e  
l e v e l s  of 'numbers of i n d i v i d u a l s  per weight c l a s s 1 ;  t h e s e  s t a b l e  
l e v e l s  have d i f f e r e n t  r a t i o s  of one c l a s s  frequency t o  another  f o r  
t h e  two types  of competi t ion.  
The above models a r e  extended t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  varying  
t h e  abso lu te  a ~ o c n t s  of ' a v a i l a b l e  food ' ,  K ,  from one t ime period 
t o  the  next .  Results  i n d i c a t e  t h a t ,  f o r  t h e  range  o f  parameters  
used, populat ions con t ro l l ed  by 'Con tes t t  competi t ion a r e  more a b l e  
t o  cope with extreme environmental v a r i a t i o n  than  are 'Scramblet 
con t ro l l ed  popuiat ions.  
ch.4 Out l ines  a r e  given f o r  extending t h i s  type  o f  model t o  cope with 
more complex and nore r e a l i s t i c  e c o l o g i c a l  s i t u a t i o n s ,  inc luding:  
- seasonal  p a t t e r n  of food a v a i l a b i l i t y  
- h a b i t a t  he terogenei ty  and d i s p e r s a l  
- sex  d i f f e r e n c e s  i n  s u r v i v a l ,  fecundi ty ,  e t c .  
- g e n e t i c  d i f f e rences  
- e n e r g e t i c s  and resource  a l l o c a t i o n  
- d i s e a s e s ,  inc luding sub- l e tha l  e f f e c t s  
ch.5 The mer i t s  of d i f f e r e n t  ways o f  c o l l e c t i n g  da ta  t o  t e s t  t h e  model 
are b r i e f l y  discussed.  The p o t e n t i a l  f o r  a l g e b r a i c  a n a l y s i s  of t h e  
model 's ma t r i ces  i s  considered and t h e  main aims f o r  s e n s i t i v i t y  
analyses  o f  the  s imula t ion  models a r e  suggested. 
CONCLUSIONS 
The s imula t ions  presented here  support Lomnicki's sugges t ions  t h a t  
populat ion r egu la t ion  can be achieved by cons t ruc t ing  models based 
on b i o l o g i c a l l y  meaningful r u l e s  and assumptions without  t h e  need 
t o  involve  f a i r l y  a r b i t r a r y  mathematical func t ions  t o  coerce  t h e  
model i n t o  s t a b l e  (or  c y c l i c )  behaviour. While such models may be 
d i f f i c u l t  t o  analyse mathematically it is suggested t h a t  t h e i r  
cons t ruc t ion  i s  l i k e l y  t o  prove enl ightening  t o  both f i e l d  
e c o l o g i s t s  and biometr icians.  Eventual t e s t i n g  of such models w i l l  
depend on t h e  c o l l e c t i o n  of s u i t a b l e  s e t s  o f  experimental  d a t a .  
The i d e a s  underlying t h e  models described i n  t h i s  paper have 
developed slowly,  around s e v e r a l  d i s p a r a t e  t o p i c s ,  over  s e v e r a l  
years .  During t h i s  time my thoughts  have been a ided  and c l a r i f i e d  
by numerous d i scuss ions  with col leagues  from t h e  Zoology 
Departments of Birmingham and Oxford U n i v e r s i t i e s  ( p a r t i c u l a r l y  
members o f  t h e  Edward Grey I n s t i t u t e  and Animal Behaviour Research 
Group a t  Oxford) and a t  t he  va r ious  r e sea rch  s t a t i o n s  of t h e  
I n s t i t u t e  of T e r r e s t r i a l  Ecology. I am g r a t e f u l  t o  O.W. Heal, 
J . N . R .  J e f f e r s  and I. Newton f o r  t h e i r  c o n s t r u c t i v e  c r i t i c i s n s  of 
an e a r l i e r  d r a f t .  F i n a l l y ,  I would l i k e  t o  thank Miss Tracey Pyers  
f o r  he r  prompt, e f f i c i e n t  and c h e e r f u l  work on t h e  typing  and 
p repa ra t ion  of t h e  d r a f t s  o f  t h i s  paper. 
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